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1.0  INTRODUCTION 


The  determination  of  cetane  number  is  important  in 
characterizing  the  ignition  quality  of  diesel  fuels.  As 
stipulated  by  Military  Specification,  MIL-F-16384H ,  cetane 
number  is  determined  via  an  engine  test  method,  ASTM  D  613 
[1],  An  approved  alternative  method,  ASTM  D  976  [2] 
involves  a  predictive  equation  of  cetane  number  known  as  the 
calculated  cetane  index.  This  is  based  on  the  mid-boiling 
point  and  density  of  the  fuel.  For  purposes  of  convenience, 
many  refineries  rely  solely  on  the  D976  method.  However, 
because  of  problems  such  as  biases  [3]  and  inherent 
limitations  that  are  associated  with  both  the  old  [2a]  and 
revised  D976  equations  [2b],  there  is  need  for  a  cetane 
index  (predictive  equation)  which  gives  better  correlation 
between  cetane  number  and  cetane  index. 

Based  on  a  review  of  the  literature  [4],  9  published 
cetane  indices  were  selected  for  evaluation  with  respect  to 
their  correlations  with  cetane  number.  Selection  of  the 
indices  was  based  on  the  merits  of  their  accuracy  in 
predicting  the  cetane  number  of  the  fuel  as  well  as  on  their 
simplicity.  The  historic  Diesel  Index,  which  was  formulated 
in  1934  [5],  and  the  old  calculated  cetane  index,  D976-56 
[2a],  were  also  included  among  the  9  cetane  indices  for 
comparison  purposes.  Possible  development  of  new 
correlations  based  on  established  parameters  as  well  as  on 
simple  measurements  such  as  refractive  index  and  densiry  was 
also  examined. 
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The  fuel  set  for  evaluations  of  the  various  cetane  indices 
comprised  33  commercial  marine  fuels  from  13  countries  and 
were  obtained  from  a  U.S.  Navy  worldwide  survey  conducted  in 
1933.  However,  this  entire  set  of  fuels  was  not  used  in  the 
evaluations  because  of  incomplete  data  for  four  fuels. 
Thus,  evaluations  of  most  of  the  cetane  indices  were 
limited  to  a  maximum  of  29  fuels. 

In  a  preliminary  investigation  to  determine  the 
correlation  of  various  refractive  index/density  trial 
expressions  with  cetane  number,  the  fuel  set  involved  26  of 
the  29  previously  mentioned  fuel  set.  However,  in  the 
subsequent  evaluation  of  a  selected  refractive  index/density 
trial  cetane  index,  a  maximum  of  27  fuels  was  employed. 
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2 . 0  EXPERIMENTAL 


2 . 1  Fuels 

2.1.1  Classification 


Based  on  the  classification  and  composition  given  by  the 
suppliers,  the  33  commercial  marine  fuels  comprised  the 
following  [ 6 ]  : 

a)  19  marine  gas  oils  (100%  distillate  products). 

b)  S  heavy  marine  gas  oils  (  approximately  100% 
distillates  but  may  contain  up  to  0.5  volume  % 
residual  contamination) . 

c)  6  marine  diesel  fuels  (mid-distillates  typically 
containing  less  than  10  volume  %  residuum) . 

Note,  although  some  of  the  fuels  were  found  to  be  mis- 
classified,  they  were  not  re-classified  after  analysis  [6]. 


2.1.2  Properties 

A  detailed  description  of  the  fuels  including  a  list  of 
their  physical  and  chemical  properties  has  been  documented 
by  Burnett  et  al.  [6].  Nevertheless,  for  convenience 
purposes,  a  brief  description  of  the  fuels  is  given  in 
Table  1.'  The  properties  employed  in  the  determination  of 
the  various  cetane  indices  and  their  measured  values  for  the 
respective  fuels  are  listed  in  Tables  2A,  and  2B.  Much  of 
the  data  listed  in  Tables  1,  2A,  and  2B  were  taken  from  the 

paper  by  Burnett  et  al.  [6]. 
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Exceptions  include  the  distillation  temperatures  data, 
which  were  obtained,  in  deg  F,  via  private  communication 
from  Sun  Refining  and  Marketing  Co. ,  Pennsylvania  (see  Table 
2A)  .  This  Company  had  performed  all  the  analyses  listed  in 
Burnett  et  al.'s  paper  [6].  Conversion  of  the  distillation 
temperatures  data  from  deg  F  to  deg  C  were  made  at  the  Naval 
Research  Laboratory  (NRL) ;  likewise,  the  conversion  of  API 
gravity  measurements  to  density.  The  latter  conversion  was 
performed  using  the  formula  given  in  ASTM  D237  [7]  (see 
Appendix  Bl.1.1,  No. lb).  The  refractive  index  data, 
included  in  Table  2B,  are  recent  measurements  and  were  made 
by  Geo-Centers  Inc.,  at  the  Naval  Research  Laboratory  (see 
Section  2 . 2 . 2 . 2)  . 

Additional  aniline  point  data  (see  Table  2B)  were  also 
obtained  for  six  fuels  from  the  National  Institute  for 
Petroleum  and  Energy  Research  (NIPER,  Oklahoma) .  Four  of 
the  six  fuels  were  first-time  determinations.  Their  aniline 
points  had  not  been  determined  by  Sun  Refining  and  Marketing 
Co.,  possibly  because  they  were  classified  as  marine  diesel 
fuels.  The  remaining  two  fuels  were  repeats  of  those 
determined  by  the  Sun  Co.,  for  comparison  purposes.  Aniline 
point  data  for  the  repeat  fuels  by  NIPER  were  in  agreement 
with  Sun  Company's  data  within  1-2  deg  F. 


.1.3  Compos  it  ion 

Compositional  analysis  of  the  fuels,  according  to  class 
tructure,  is  shown  in  Table  2C.  The  classes  of  compounds 
eparuted  include  saturates,  monocyclic  and  dicyclic 
romntics,  fluorenes,  and  p’nenanthrenes .  Analysis  was 
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performed  by  Dorn  et  al.  at  the  Virginia  Polytechnic 
Institute,  Blacksburg,  V  A  .  ,  using  liquid 
chromatography/proton  nuclear  magnetic  resonance 
spectrometry  average  composition  analysis  [81. 

The  data,  which  were  obtained  as  fractions  of  total 
carbon  of  a  specific  compound  class  were  converted  to  weight 
by  Geo-Centers  Inc.  ,  at  the  Naval  Research  Laboratory  (see 
Appendix  D1  for  conversion  method) .  It  is  this  converted 
data,  i.e.,  in  wt  %  that  is  shown  in  Table  2C.  However,  as 
shown  in  Appendix  D2 ,  the  small  differences  between  the 
measured  %  of  total  carbon  and  the  calculated  weight  %  for 
the  29  fuels  examined  suggest  that  the  conversion  to  weight 
percent  may  not  be  necessary. 

Compositional  analysis,  according  to  proton  type,  is  shown 
in  Table  2D  and  is  based  on  proton  NMR  analysis.  The  % 
proton  type  is  relative  to  the  total  number  of  protons. 
Analysis  was  performed  at  Southwest  Research  Institute 
(SwRI)  using  a  JEOL  FX  90Q  Fourier  Transform  NMR 
spectrometer.  The  various  types  of  assigned  protons  and 
their  chemical  shifts,  which  are  listed  in  Appendix  C,  were 
taken  from  the  paper  by  Bailey  et  al.  [9]. 

Reproducibility  of  the  NMR  integrations  using  SwRI ' s  FIDs 
(Free  Induction  Decay)  was  examined  by  Geo-Centers  Inc.,  at 
the  Naval  Research  Laboratory  (NRL) .  Each  integration  was 


performed  in  tripl 

icate  and 

the  aver 

age 

values 

for 

the 

various  types  of 

assigned 

protons 

were 

used 

in 

the 

calculation  of  the 

SwRI  ceta 

r.e  index 

for 

each 

fuel 

(see 

Appendix  E) . 
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2.1.4  Fuel  Sets  Employed 

Except  for  the  refractive  index/density  correlation 
determinations  with  cetane  number,  the  fuel  set  for  all  the 
cetane  indices  evaluated,  comprised  a  maximum  of  29  fuels. 
This  maximum  was  employed  because  the  data  for  determination 
of  the  various  cetane  indices  were  complete  for  only  these 
fuels . 


However,  subsequent  evaluations  of  the  cetane  indices  with 
respect  to  their  correlations  with  cetane  number  were 
performed  on  a  28  fuel  set  and  to  a  limited  extent,  on  the 
29  fuel  set.  The  28  set  included  the  same  fuels  as  the  29 
except  for  fuel,  83-10.  This  fuel  was  excluded  because  all 
the  cetane  indices  of  this  fuel  were  found  to  be 
significantly  and  consistently  lower  than  its  cetane  number. 

Possible  explanations  for  the  consistently  lower  cetane 
indices  for  this  fuel  relative  to  its  cetane  number  include 
either  the  presence  of  an  ignition  improver,  or  an  error  in 
the  determination  of  its  cetane  number,  or  both.  Note,  to 
compare  the  predictability  of  the  various  cetane  indices, 
relative  to  each  other,  fuel  sets  containing  the  same  fuels 
were  used  in  the  evaluations. 

In  a  preliminary  invest iga tion  to  determine  the 
correlation  of  various  refractive  index/density  trial 
expressions  with  cetane  number,  the  fuel  set  comprised  26  of 
the  28  fuels  mentioned  previously.  The  3  fuel  set, 
referred  to  earlier,  was  decreased  further  because  the 
ref  ractive  indices  of  2  of  these  fuels  could  not  be 


6 


GEO-CENTERS ,  INC. 


accurately  determined  owing  to  their  dark  color-  However, 
in  the  subsequent  evaluation  of  a  selected  refractive 
index/density  trial  cetane  index,  a  maximum  of  27  fuels,  83- 
10  included,  was  employed. 


2 . 2  Cetane  Indices 


The  indices  that  were  evaluated  included  selected 
published  cetane  indices  (see  Section  2.2.1)  and  trial 
correlations  (see  Section  2.2.2).  The  trial  correlations 
comprised  those  based  on  established  parameters  (see  Section 
2. 2. 2.1)  as  well  as  those  based  on  simple  measurements  (see 
Section  2. 2. 2. 2).  Lotus  1-2-3  was  employed  in  the 
determination  of  the  published  cetane  indices,  as  well  as  in 
the  development  of  new  cetane  indices,  and  in  the  evaluation 
of  all  the  cetane  indices  including  regression  analyses  of 
cetane  number  vs  cetane  index. 


2.2.1  Selected  Published  Cetane  Indices 

These  evaluated  are  listed  below  along  with  the  parameters 
employed  in  their  determinations.  (See  Appendix  A  for  a 
list  of  symbols  pertaining  to  these  parameters  as  well  as 
for  the  A STM  methods  employed  in  the  determination  of  these 
parameters;  also,  see  Appendix  B  for  the  actual  equations). 


Calculated  Cetane  Index 

a.  ASTM  D  976-66:  Mid-boiling  point  (deg  F)  and  API 
Gravity  (deg  API)  [2a]. 
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b.  ASTM  D  976-80:  Mid-boiling  point  (deg  C)  and 

density  (at  15  deg  C,  g/mL ) ;  or  same  as  (a)  above 
[2b]  . 


2.  Ingham  et  al.'s  Four  Variable  Equation:  10,  50,  and 
90%  distillation  temperatures  (deg  C)  and  density  (at 
15  deg  C,  g/mL)  [ 10] . 

3.  Improvement  Equations  of  ASTM  D976-80:  Same 

parameters  as  ASTM  D  976-80. 


a.  Collins  and  Unzelman  Equation  [3]. 

b.  Ethyl  Equation  [11]. 

4.  Canadian  General  Standards  Board  (CGSB)  Cetane  Index: 

10,  50,  and  90%  distillation  temperatures  (deg  C)  , 

density  (at  15  deg  C,  g/mL)  ,  aniline  point  (deg  C)  , 
and  viscosity  (at  40  deg  C,  cSt)  [12]. 

5.  Ingham  et  al.'s  Aniline  Point  Equation:  Aniline 
Point  (deg  C)  [ 10] . 

6.  Diesel  Index:  Aniline  Point  (deg  F)  and  API  Gravity 
(deg  API)  [5] . 


7.  Southwest  Research  Institute  (SwRI)  Cetane  Index: 
specific  types  of  protons,  wt  %  hydrogen  content,  and 
density  (g/mL)  [9]. 
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2.2.2  Trial  Correlations 


2. 2. 2.1  Based  on  Established  Parameters 

Four  such  cetane  indices  were  examined.  These  are  as 
follows : 

1.  A  trial  cetane  index  based  on  aniline  point  (see  Appendix 

B1 . 3 . 2)  . 

2.  Three  trial  cetane  indices  based  on  mid-boiling  point  and 

density.  These  include: 

a)  Two  new  correlations  (see  Appendix  Bl.1.2)  obtained 
by  regression  analysis  of  cetane  number  vs: 

(i)  the  mid-boiling  point  and  density  parameters 

(ii)  the  average  mid-boiling  point*  and  density 
parameters 

b)  The  third  trial  correlation  was  a  modified  form  of 
ASTM  D976-80  in  which  the  same  D976-80  equation  was 
employed  but  where  the  mid-boiling  point  term  was  the 
average  mid-boiling  point*.  This  trial  cetane  index 
is  subsequently  referred  to  as  the  modified  ASTM 
D976-80. 

*  Ncme:  the  average  mid-boiling  point  refers  to  the  average 
distillation  temperature  in  deg  C  of  the  10,  50  and  90% 

recovered  distillate. 
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2. 2. 2. 2  Based  on  Simple  Measurements 


Cetane  Indices  based  on  refractive  index  and  density  were 
also  examined.  Refractive  index  was  measured  using  an  Abbe 
Ref ractometer ,  model  10450.  An  external  water  circulating 
bath  was  used  to  minimise  temperature  fluctuations. 
Measurements  were  made  at  25.1  deg  C,  although  fluctuations 
to  25.2  deg  C  were  noted.  Refractive  indices  for  the  fuels 
measured  are  included  in  Table  2B.  As  indicated  in  Table 
2  B ,  five  of  the  33  fuels  were  dark.  Conseguently ,  their 
refractive  indices  could  not  be  measured  accurately. 
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3.0  RESULTS  AND  DISCUSSION 


3  .  1  Determination  of  Published  and  Trial  Cetane  Indices 
Based  on  Established  Parameters 

Results  of  the  determination  of  the  various  cetane  indices 
are  given  in  Tables  3A  -  3C.  Specifically,  Table  3A  lists 
the  results  of  5  published  cetane  indices  that  are  based  on 
distillation  temperatures  and  density  only.  Table  3B  lists 
the  results  of  three  trial  correlation  indices,  which  are 
based  on  similar  parameters;  the  results  of  ASTM  D976-80  are 
also  included  in  Table  3B  for  comparison  purposes.  Table 
3 C  lists  the  results  of  four  published  cetane  indices  and  1 
trial  cetane  index,  which  are  based  on  other  conventional 
parameters.  These  include  API  gravity,  aniline  point, 
viscosity,  and  structural  composition.  Note,  in  these 
Tables,  cetane  indices  for  the  last  4  fuels  listed  were 
often  not  determined  because  of  incomplete  data.  Subsequent 
evaluation  of  the  results  is  given  in  Section  3.4. 


3.2  Determination  of  the  Reproducibility  of  SwRI  Cetane 
Index 

The  Southwest  Research  Institute  (SwRI)  cetane  index 
determinations,  shown  in  Table  3C,  are  based  on 
compositional  analysis  performed  at  SwRI,  using  proton  NMR 
spectrometry.  Using  SwRI ’ s  FID  (Free  Induction  Decay)  data, 
reproducibility  of  the  NMR  integrations  performed  at  SwRI 
was  examined  at  NRL  for  all  33  fuels. 
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The  results  (see  Table  4) ,  indicate  that  for  the  same  FID, 
the  numerical  differences  in  cetane  indices  based  on 
integrations  performed  at  SwRI  and  at  NRL  were  within  the 
range  of  0. 1-1.0  in  most  cases.  Differences  of  approx.  2.0 
were  observed  in  only  2  cases.  Also,  standard  deviation  of 
the  differences  for  the  33  fuels  was  +/-  0.5.  This  is  well 
within  the  reproducibil ity  limits  allowed  by  ASTM  D613  for 
cetane  number.  (Reproducibl ity  limits  allowed  are  2.5  to 
3.3  for  cetane  numbers  40  to  56  respectively) .  Furthermore, 
results  of  a  regression  analysis  indicated  the 
reproducibility  between  the  two  integration  sets  was  very 
good  (R2  =  0 . 992)  . 


3 . 3  Development  of  a  Cetane  Index  Based  on  Simple 
Measurements 


In  the  development  of  a  cetane  index  based  on  simple 
measurements  such  as  refractive  index  and  density, 
regression  analyses  were  performed  on  these  parameters  using 
a  26  fuel  set  (see  Section  2.1.4).  The  various  parameters 
examined  included  refractive  index,  density,  a  combination 
of  both  refractive  index  and  density,  as  well  as,  17  other 
combinations  involving  various  functions  of  refractive  index 
and  density. 

The  results  showed  limited  promise:  Of  the  various 
parameters  and  functions  of  these  parameters  investigated, 
the  best  was  one  involving:  D2 ,  RI2,  and  RI/D  (see  Table  5) . 
However,  its  correlation  coefficient  was  somewhat  low  (R2  = 
0.443).  For  a  perfect  correlation,  R2  =  1.  Also,  the 
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errors  of  their  coefficients  (i.e.,  the  errors  of  the  slopes 
of  the  D2 ,  RI2,  and  RI/D  terms  in  the  multiple  linear 
regression  equation)  were  rather  high  +/-  35%.  Its  standard 
error  of  Y  estimate  =  3.1  was  also  somewhat  high  (this 
parameter  refers  to  the  error  in  estimating  the  cetane 
number) .  Nevertheless,  this  trial  cetane  index  (see 

Appendix  B1.5  for  its  formulation)  was  employed  in 
evaluating  predictability  of  cetane  number. 


3.4  Evaluation  of  Cetane  Indices 

Evaluation  of  the  various  cetane  indices  was  based  on  the 
following  two  methods: 

1.  The  ability  to  predict  the  cetane  number  of  fuels. 

2.  Regression  analysis  of  cetane  number  versus  cetane 
index . 


3.4.1  Evaluation  Based  on  Predictability 

3. 4. 1.1  Determination  of  Predictability 

The  following  procedure  was  employed  in  the  determination 
of  the  predictability  of  each  cetane  index: 

1.  The  numerical  difference  between  cetane  index  and 

cetane  number  for  each  fuel  was  first  calculated. 
This  difference,  i.e.,  cetane  index  -  cetane  number 
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is  defined  as  the  predictive  range.  The  results  are 
given  in  Tables  6A,  6B,  and  6C  for  cetane  indices 

that  are  based  on  established  parameters,  and  in 


Table 


for  the  best  trial  cetane  index  based  on 


refractive  index  and  density. 

To  qualitatively  assess  the  results,  the  following 
arbitrary  criteria  were  adopted: 

a)  Cetane  indices  which  differed  from  their 

respective  cetane  numbers  within  a  predictive 

range  of  +/-(0  to  2.0)  were  designated  as  being 
predictive  of  cetane  number. 

b)  Cetane  indices  which  were  lower  than  their 

respective  cetane  numbers  within  a  predictive 

range  of  -(2.1  to  >5.0)  were  designated  as  being 
underpredictive  of  cetane  number. 

c)  Cetane  indices  which  were  higher  than  their 

respective  cetane  numbers  within  a  predictive 

range  of  +(2.1  to  >5.0)  were  designated  as  being 
overpredictive  of  cetane  number. 

Based  on  the  criteria  given  in  2.  above,  the  data  for 
a  28  fuel  set  (see  Section  2.1.4)  were  then  evaluated 
quantitatively  as  follows: 

a)  The  frequency  of  predictions,  underpredict  ions , 
and  overpredictions  was  determined  for  specfic 
predictive  ranges  (see  Tables  8A,  33,  and  8C) . 
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b)  %  Predictability  for  the  specific  predictive 
ranges  v;ere  also  determined  (see  Tables  9A(  9B, 

and  9C ) . 

3.  4.  1.2  Predictability  of  Cetane  Indices  Examined 

The  total  %  predictions,  overpredictions,  and 
underpredictions  for  the  various  cetane  indices  are 
summarized  in  Table  10.  In  this  Table,  13  cetane  indices 
were  ranked  in  order  of  best  to  worse  primarily,  on  the  % 
predictions  and  secondarily,  on  the  %  overpredictions.  This 
approach  was  adopted  for  two  reasons: 

1)  In  evaluating  the  predictability  of  the  various 
cetane  indices,  it  is  obvious  that  a  high  frequency 
of  predictions  is  desirable. 

2)  Overpredictions  will  pose  a  problem  to  the  consumer, 
but  underpredictions  will  not. 

Pete :  The  refractive  index/density  trial  cetane  index, 

placed  at  the  end  of  the  list,  was  not  ranked  in  these 
evaluations  because  the  number  of  fuels  employed  in  its 
evaluation  was  2  less  than  was  employed  for  the  other  cetane 
indices . 


Because  of  the  relatively  small  number  of  fuels  employed 
in  the  fuel  set,  the  cetane  indices  were  not  subsequently 
assessed  as  being:  good,  fair,  or  poor  predictors,  of  cetane 
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number.  Instead,  the  cetane  indices  were  evaluated  on  their 
performance  relative  to  the  following: 

a)  ASTM  D976-S0  (this  may  be  regarded  as  the  reference 
cetane  index. 

b)  Ingham  et  alt's  four  variable  equation  which  has  been 

proposed  as  a  replacement  for  D976-80  (i.e.,  their  3 

distillation  temperatures/density  cetane  index) . 


Thus,  based  on  the  criteria  imposed  on  the  results  (see 
Section  3. 4. 1.1,  Nos.l  and  2)  and  for  this  limited  set  of  28 
fuels,  the  following  were  observed: 

1.  The  best  predictability  was  exhibited  by  the  modified 

ASTM  D976-30 ,  a  trial  cetane  index  (see  *N3  below). 
However,  its  %  overpredictions  was  slightly  higher 
than  that  of  ASTM  D976-80.  Its  predictive 

performance  include  79%  predictions,  7%  over¬ 
predictions,  and  14%  underpredictions.  The  results 
for  specific  predictive  ranges  are  also  shown 
graphically  in  Figure  1. 
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*N5:  In  this  trial  cetane  index,  the 
formulation  of  ASTM  D976-80  was  unchanged,  but 
the  50%  distillation  temperature  was  replaced  by 
the  average  of  the  10,  50,  and  90%  distillation 
temperatures . 
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The  predictability  of  Ingham  et  al.'s  aniline  point 
cetane  index  was  similar  to  their  distillation 
temperatures/density  cetane  index  as  well  as  to  a 
trial  cetane  index  based  on  aniline  point  only. 
Consequently,  relative  to  the  trial  cetane  index 
based  on  aniline  point,  in  this  limited  fuel  set,  the 
use  of  normalization  in  Ingham's  aniline  point 
equation  (see  Appendix  Bl.3.1)  did  not  appear  to  be 
significantly  advantageous  with  respect  to  increasing 
the  %  predictions  and  decreasing  the  %  over¬ 
predictions  . 

Collins  and  Unzelman,  and  the  Ethyl  Corp.  Equations, 
which  were  formulated  as  improvements  of  D976-S0 
were  not  found  to  be  improvements.  Furthermore,  the 
Ethyl  equation  exhibited  a  tendency  to  overpredict  on 
these  fuels  (approx.  32%);  whereas,  Collins  and 
Unzelman  equation  exhibited  similar  tendencies  to 
both  overpredict  and  underpredict  on  these  fuels. 

The  Canadian  General  Standards  Board  (CGSB)  cetane 
index  was  not  an  improvement  over  ASTM  D97  6-30,  in 
spite  of  its  greater  complexity  (see  Appendix  B1.2)  . 
Furthermore,  it  exhibited  a  similar  tendency  of  D976- 
80  to  underpredict  on  these  fuels.  Its  performance 
for  specific  predictive  ranges  are  shown  graphically 
in  Figure  4  . 

Cetane  indices  which  performed  worse  than  ASTM  D976- 
80  from  the  viewpoint  of  overpredictions  (see 
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arbitrary  criteria  given  m  Section  3.4. 1.1,  Nos.  1 
and  2)  are  as  follows: 

a)  The  diesel  index,  which  is  based  on  API  gravity 
and  aniline  point. 

b)  The  SwRI  cetane  index,  which  is  based  on  proton 

NMR  compositional  analysis,  density,  and  wt  % 
hydrogen.  Its  performance  for  specific 

predictive  ranges  are  shown  graphically  in 
Figure  5. 

c)  The  A STM  D976-66,  which  is  based  on  API  gravity 
and  mid-boiling  point. 

Based  on  a  26  fuel  set,  the  trial  refractive 
index/density  cetane  index  exhibited  a  tendency  to 
both  underpredict  and  overpredict  on  these  fuels  . 


Evaluation  Based  on  Regression  Analyses  of  Cetane 
Number  Vs  Cetane  Index 


Regression  analyses  of  cetane  number  vs  cetane  index  was 
performed  to  determine  the  goodness  of  fit  of  the  various 
cetane  indices.  Since  R2  =  1  represents  a  perfect 

correlation  between  cetane  number  and  cetane  index,  R2 


iiues  which  approach  1  would  be  desirable. 

As  described  in  Section  2.1.4,  regression  analyses  were 
2r formed  on  fuel  sets  containing  28  and  29  fuels  for  all 
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the  cetane  indices  evaluated  except  for  the  trial  cetane 
index  based  on  refractive  index/density  for  which  the  fuel 
sets  were  26  and  27  fuels.  The  results,  shown  in  Table  11, 
are  ranked  in  the  order  of  best  to  worse  except  for  the 
trial  cetane  index  based  on  refractive  index/density,  which 
was  not  ranked  as  explained  earlier  (see  Section  3. 4. 1.2). 

Some  general  observations  are  as  follows: 

1.  Ingham's  proposed  equation  for  replacement  of  ASTM 

D976-S0  ranked  the  highest  among  the  correlations  of 
cetane  index  with  cetane  number  (R2  =  0.817  for  a  28 
fuel  set) .  However,  its  R2  value  was  not  much  higher 
than  many  of  the  cetane  indices  that  are  also  based 
on  distillation  temperature (s)  and  density. 


2  . 


Cetane  indices  based  only  on  distillation 
temperature (s)  and  density,  which  showed  similarly 
good  correlations  with  cetane  number  as  Ingham's 
proposed  replacement  equation  include  both  ASTM  D976- 
80  and  the  modified  ASTM  D976-80  (trial  cetane  index: 
see  Section  2. 2. 2.1,  No. 2b)  as  well  as  the 
improvement  equations  of  D976-30  (Collins  and 
Unzelman  equation,  and  the  Ethyl  equation).  Their  R2 
values  were  approx.  0.30. 


'.  3  .  Other  cetane  indices  based  also  on  distillation 
j.  temperature  (s)  and  density  whose  correlations  with 
r  cetane  number  were  slightly  less  than  those  mentioned 
j£  in  2.  above  include  ASTM  D97  6-66  and  two  trial  cetane 
&  \  indices  (R2  =  approx.  0.73).  However,  their 
!  differences  do  not  appear  to  be  significant. 

P 


4.  The  correlation  of  CGSB  cetane  index,  which  is  based 

on  10,  50,  and  90%  distillation  temperatures, 

density,  aniline  point  and  viscosity,  was  similar  to 
many  of  the  cetane  indices  that  are  based  only  on 
distillation  temperatures  and  density. 

5.  The  correlations  of  cetane  indices  based  on 

distillation  temperature (s)  and  density,  with  cetane 
number,  were  better  than  corresponding  correlations 
with  cetane  indices  based  on  the  following:  aniline 
point  only;  proton  NMR  analysis,  density,  and 
hydrogen  content  (SwRI  cetane  index) ;  API  gravity  and 
aniline  point;  and  refractive  index/density. 

6.  Although  not  shown  in  Table  11,  for  most  of  the 

cetane  indices,  their  standard  errors  of  the  Y 

estimate  (i.e.,  of  cetane  number)  were  approx.  2. 

7.  Of  the  various  cetane  indices,  the  trial  refractive 
index/density  cetane  index  exhibited  the  lowest  R2 
value,  i.e.,  0.448  for  a  26  fuel  set. 

3.  As  would  be  expected,  R2  values  for  the  28  fuel  set 

were  higher  than  their  corresponding  values  for  the 
29  fuel  set  (see  Section  2.1.4). 
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3.4.3  Evaluation  Based  on  the  Combination  of  Predictability 
and  Regression  Analyses 

Table  12  was  constructed  by  combining  the  results  from 
Table  10  with  that  of  Table  11,  but  with  the  exclusion  of 
the  regression  data  for  the  29  fuel  set.  However,  in 
Table  12,  the  results  were  re-ranked  in  the  order  of  best  to 
worse,  primarily  on  their  R2  values  and  secondarily  on  their 
%  predictions.  Based  on  the  limited  set  of  28  fuels,  the 
following  observations  were  made: 

1.  Although  Ingham  et  al.'s  proposed  replacement 
equation  of  A  STM  D976-80  ranked  the  highest  in  its 
correlation  with  cetane  number  (R2  =  0.817),  its 
tendency  to  • overpredict  on  these  fuels  indicates 
further  studies  are  required  to  verify  this  trend. 

2.  Based  on  their  R2  values,  ASTM  D976-80  was  similar  to 
Ingham  et  al.'s  proposed  replacement  equation. 
However,  based  on  the  %  overpredictions,  ASTM  D976-80 
performed  better  than  Ingham  et  al.'s  equation. 
Nevertheless,  D976-80  exhibited  a  tendency  to 
underpredict  on  these  fuels.  A  similar  tendency  of 
D976-30  to  underpredict  was  observed  by  British  and 
Australian  refiners  for  their  fuels  [3]. 

3.  Although  the  R2  values  for  Collins  and  Unzelman 
equation  and  the  Ethyl  equation  were  high  (approx. 
0.81),  their  %  predictions  were  only  approx.  54-60%. 
Similar  anomalies  between  R2  values  and  % 
predictions  were  also  observed  for  other  cetane 
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indices  e.g.,  CGSB  cetane  index,  D976-66,  and  the 
SwRI  cetane  index.  Consequently ,  evaluations  based 
solely  on  R2  values  can  be  misleading. 

Of  the  trial  cetane  indices  investigated,  the 
modified  ASTM  D976-30  (see  Section  2.2.2. 1,  No. 2b) 
appears  the  most  promising  as  a  predictor  of  cetane 
number . 

In  general,  cetane  indices  that  are  based  on 
distillation  temperature (s)  and  density  appear  to  be 
better  predictors  of  cetane  number  than  those  based 
on  API  gravity  and  aniline  point  (e.g.,  Diesel 
index) ,  refractive  index  and  density  (trial  index) , 
and  proton  NMR  analysis  (SwRI  cetane  index:  see  also 
7 .  below) . 

The  better  predictability  of  cetane  indices  that  are 
based  on  distillation  temperature (s)  and  density 
compared  with  other  parameters  mentioned  in  5.  above, 
are  likely  due  to  distillation  temperatures (s)  and 
density  being  related  to  aromatic/paraffinic  content:, 
the  degree  of  branchiness  of  the  molecules,  and  to 
molecular  size  [13,  14]. 

The  relatively  poor  performance  of  the  SwRI  cetane 
index  which  is  based  on  proton  NMR  analysis  suggests 
the  need  for  better  compositional  analysis,  or 
improved  modeling  of  the  SwRI  cetane  index,  or  both. 
In  particular,  as  reported  by  Glavincevski  et  al. 
[15]  and  Gulder  et  al  [14],  the  different  types  of 
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paraffins,  viz,  straight  and  branched  chains,  are 
important  in  the  determination  of  cetane  number. 


As  a  single  predictor,  aniline  point,  which  is  an 
indirect  measure  of  aromatic/paraffinic  content, 
appears  to  correlate  well  with  cetane  number  (see 
also  Figure  6)  .  This  correlation  is  consistent  with 
the  literature  [4,  10].  However,  the  toxicity  of 

aniline  disfavours  the  use  of  cetane  indices 


involving  aniline  point. 


The  poor  correlation  of  the  refractive  index/density 


trial  cetane  index  with  cetane  number  is  likelv 


related  to  the  poor  correlation  of  refractive  index 
of  the  bulk  fuel  with  cetane  number  (see  Figure  7). 
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4.0  CONCLUSIONS 


The  conclusions  given  below  are  based  on  both  the 
predictability  of  the  cetane  indices  as  defined  by  arbitrary 
criteria  imposed  on  the  results  and  on  regression  analyses 
of  cetane  number  vs  cetane  index.  Unless  otherwise  stated, 
the  results  are  based  on  a  fuel  set,  which  comprised  28 
commercial  marine  fuels.  These  fuels  were  obtained  in  13 
different  countries  during  a  worldwide  survey.  Their  cetane 
numbers  ranged  from  approx.  41-57. 


In  general,  Ingham  et  al.'s  four  variable  equation 
(i.e.,  three  distillation  temperatures  plus  density), 
which  has  been  proposed  as  a  replacement  for  ASTM 
D9  7  6-80,  was  not  found  to  be  a  significant 
improvement  over  DS76-30,  in  spite  of  using  10,  50, 

and  90%  distillation  temperatures  as  separate 
parameters  in  their  formulation  as  well  as 
normalization  factors  for  the  distillation 
temperatures  and  density  parameters.  The  tendency  of 
Ingham's  equation  to  overpredict  on  these  fuels 
suggest  that  further  studies  are  required  to  verify 
this  observation.  Nevertheless,  of  the  published 
cetane  indices,  their  proposed  replacement  equation 
appears  to  be  the  most  promising. 

ASTM  D976-30  exhibited  the  lowest  %  overpredictions 
of  the  published  and  trial  cetane  indices  evaluated. 
However,  it  also  exhibited  a  tendency  to  underpredict 
on  these  fuels. 
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Relative  to  the  performance  of  ASTM  D976-80,  of  the 
trial  cetane  indices  examined,  the  modified  ASTM 
D976-80  appears  to  be  the  most  promising.  This  index 
employs  the  same  formulation  as  D976-80  but  differs 
from  it,  in  that  the  mid-distillation  temperature 
term  employed  is  the  average  of  the  10,  50,  and  90% 
distillation  temperatures  instead  of  the  50% 
distillation  temperature  used  in  ASTM  D976-80. 

The  Canadian  General  Standards  Board  (CGSB)  cetane 
index  was  not  an  improvement  over  ASTM  D976-80  in 
spite  of  employing  10,  50,  and  90%  distillation 
temperatures  as  well  as  2  additional  parameters  in 
its  formulation  (viz,  aniline  point  and  viscosity). 
Furthermore,  it  exhibited  a  tendency  similar  to  D976- 
80  of  underpredicting  on  these  fuels. 

Cetane  indices  which  exhibited  a  tendency  to 
overpredict  on  these  fuels  include:  ASTM  D976-6S,  the 
SwRI  cetane  index,  and  the  Diesel  Index. 

Physical  properties  which  appear  to  contribute  to 
good  correlation  with  cetane  number  include  the 
combination  of  distillation  temperatures  and  density. 
As  a  single  predictor,  aniline  point  is  also  good. 
However,  the  toxicity  of  aniline  disfavors  the  use  of 
cetane  indices  involving  aniline  point. 

The  need  for  continuing  revision  of  the  ASTM  D976 
method  (e.g.,  D976-66,  D976-80,  and  possibly  Ingham 
et  al.  's  proposed  equation)  are  indicative  of  fuel 
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compositional  changes.  Consequently,  future  cetane 
indices  that  are  based  on  compositional  analysis 
involving  the  %  straight  chain  paraffins,  %  branched 
chain  paraffins,  and  %  aromatics  may  be  better 
predictors  of  cetane  number  than  those  based  on 
physical  properties. 


The  poor  performance  of  the  SwRI  cetane  index,  which 
is  based  on  proton  NMR  compositional  analysis 
suggests  the  need  for  more  accurate  compositional 
analysis,  improved  modeling  of  the  index,  or  both. 


A  trial  cetane  index  based  on  refractive  index  and 


density  did  not  appear  promising.  The  fuel  set 
employed  comprised  26  of  the  28  fuel  set. 


Evaluations  that  are  based  only  on  R2  values  can  be 
misleading  since  this  calculation  does  not  define  the 
extent  of  over-  or  under-predictions.  It  is 

therefore  important  to  also  monitor  the  % 
predictabilty  and  esj.  jcially,  the  %  overpredictions 


of  cetane  indices. 
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RECOMMENDATIONS 


Repeat  the  study  on  a  second  set  of  worldwide  survey 
diesel  fuels  using  the  same  evaluation  methods 
employed  in  this  study. 

In  the  repeat  study,  eliminate  evaluations  of  the 
Diesel  Index  and  ASTH  D976-66,  but  perform 
evaluations  of  all  other  cetane  indices. 

To  accomplish  1.  above,  obtain  a  complete  set  of  data 
for  all  the  fuels  in  the  second  worldwide  survey. 
This  should  include  cetane  number,  10,  50,  and  90% 
distillation  temperatures,  density,  aniline  point, 
viscosity,  wt  %  hydrogen,  proton  NHR  analysis  and 
refractive  index. 

Develop  n ew  correlations  with  cetane  number  based  on 
compositional  data. 

To  accomplish  4.  above,  perform  compositional 
analyses  on  both  sets  of  worldwide  survey  diesel 
fuels  with  respect  to  obtaining  %  straight  chain 
paraffins,  %  branched  chain  paraffins,  and  % 
aromatics . 
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Description  of  Hcrldwide  Survey  i  Coa*ercial  Marine  Fuels  » 


NRL  ID 

SUPPLIER 

oris::; 

FUEL 

TYPE 

CETANE  NO. 
(AS7M  D613) 

S3  "57 

Pali stan 

Men 

1 IUU 

56.6 

93-3 

Mobil 

Tokyo,  Japan 

HMSO 

56.5 

33-15 

Mobil 

flustr alia  1 

M50 

55.2 

G7  _  Z.  C 

U  J  JU 

Pakistan 

HDF 

54.6 

83-30 

o  p 

Sweden  1 

MSO 

54.6 

83-1? 

Jk,j  1 

Aus t r  alia 

MSO 

54.5 

0'-7n 

UJ  ■  _ 

Cal tex 

Kenya 

HDF 

53.3 

83-14 

Mobil 

S.  Africa  1 

HGO 

52.9 

33-71 

Cal  tax 

Kenya 

MSO 

52.5 

Q7.Z.3 

U  W  r 

Exxon 

Senegal 

HGO 

52.4 

33-7 

Shell 

Singapore 

HMSO 

52.1 

83-20 

Shell 

Australia 

HMSO 

52.0 

83-33 

8.?. 

Eng! and 

M60 

51.3 

33-17 

Mobil 

Australia  2 

HGO 

50.4 

07.71 

O-j  j  i 

8.P. 

Sweden 

HDF 

50.3 

33-22 

B.P. 

Australia  3 

MSO 

43.3 

33-12 

Mobil 

East  Coast,  U.S. 

MGO 

48.3 

83-30 

Shell 

Jaaaica 

HGO 

48. 7 

33-36 

Cal tes 

Thailand 

HGO 

43.7 

07.77 

U  -•  *.  ! 

Cal tex 

S.  Africa  2 

MGO 

48.5 

83-31 

Shell 

Jaaaica 

HMGO 

47.3 

33-7 

Mobil 

Tokyo,  Japan 

MGO 

47.7 

33-34 

8.?. 

Sweden  2 

MSO 

47.3 

83-73 

Ess: 

Cchabi a 

HGO 

47.1 

83-1) 

Mobil 

Hest  Coast,  U.S. 

HGO 

46.8 

83-16 

Mob:; 

Australia  1 

HMSO 

45.7 

33-23 

3.P. 

Australia  2 

HMGO 

43.6 

83-24 

3.?. 

Australia 

HDF 

42.8 

97-11 

w-s;  i 

West  Coast,  U.S. 

HMGO 

40.9 

97-: 

’  1 

Tokyo,  Japan 

HDF 

51.3 

53-37 

Cal tex 

Thailand 

HDF 

50.2 

33-Fi 

She!  1 

S  i  ngapcr e 

MGO 

13.6 

33-26 

Cal tex 

S.  Africa 

HMGO 

47.3 

*  Fuels  are  listed  in  order  of  decreasing  cetane  nuaber  except  tor 
the  last  l  -fuel 3.  Reason  tor  this  separation  is  due  to  incomplete  data 
f cr  the  last  *  fuel  a. 
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Taal e  2  (Cant'd):  Characterisation  of  Horldnide  Survey  I  Co«*ercial  Marine  Fuels 


Table  2  (Cant'd):  Characterisation  of  itoridmde  Survey  I  Coisercial  Mar i a e  Fuels 


C:  Caapcsitianal  Analysis  » 


CETANE  NO. 
(fiSTM  D613) 

SATURATES 

nCNCCYCLIC 

AROMATICS 

D I  CYCLIC 
AROMATICS 

FLUCRENES 

56.6 

68.4? 

13.40 

3.92 

2.77 

56.5 

6?. 57 

18.04 

3.56 

3.54 

cq  "1 

Sj<J  «  *. 

76.40 

10.16 

12.10 

1.04 

54.6 

61.76 

21.44 

11.09 

4.00 

54.6 

75.14 

i  s  cq 

IjiuU 

7.30 

1.42 

54.5 

68.38 

16.53 

12.25 

1.52 

53.0 

Cl  nc 

JO  «  •.  w 

36.19 

5.56 

2.00 

52.? 

69.91 

19.63 

8.47 

2.6c 

52.5 

62.25 

24.43 

9.03 

2.26 

52.4 

6?.  37 

19.45 

7.74 

2.00 

52.1 

60. 0? 

28.69 

8.76 

2.16 

50.4 

69.13 

21.75 

7.37 

1  #  TT 

50.3 

74.19 

19.71 

4. 63 

1.23 

48.3 

64.53 

16.40 

15. s? 

2.76 

42.3 

67.50 

17.64 

n  C7 

4  4.  a  JvS 

i  •  >.•. 

48.7 

70.76 

21.41 

7.07 

0.76 

48.7 

59.62 

21.65 

15.58 

2.57 

43.5 

70.22 

18.17 

7.90 

2. 76 

47.3 

63.12 

24.26 

9.33 

1.62 

47.7 

64.78 

23.55 

8.72 

0.95 

47.3 

74.71 

13.95 

4.37 

1.97 

47.1 

67.25 

20. So 

8.49 

2.17 

46.8 

^7  co 

34.39 

6.86 

0.77 

43.5 

61.33 

22.02 

13.54 

1.53 

42.3 

51.90 

19.29 

20.71 

5.09 

54.3 

64. 32 

20.01 

11.32 

3.46 

50.2 

65.04 

18.75 

11.80 

3.17 

48.6 

64.93 

21.15 

11.65 

2, 23 

47.5 

58.33 

24.70 

11,48 

3.37 

PHENANTHRENES 


iv  Dorr,  et  al.  [33,  using  liquid  chrosatography/protcn  NMR  spectroaetry  average  coepositianal 
Data  available  oniv  for  fuels  listed. 
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Characterisation  of  Her  I  dxi  je  Survey  I  Cowercial  Narine  Fuel 
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'  s 
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Ta51e  2  (Con 5:  '  d): 


D:  Proton  NfIR  Analysis  * 


I  Proton  Type  ** 


NRL  15 

CETANE  NO. 

(AST'S  Do  13) 

CH3 

CH2 

CH 

ALPHA 

ARD.NATiC 

■ 

/"• 

82-nP 

cs  : 
wC  .  u 

28.46 

52.08 

7.95 

6.41 

4. 10 

83-3 

ZL  C 

ull  «  ^ 

TA  (7 

50.00 

8.10 

7.54 

4.19 

V 

OT-t  C 

CC  " 
w  J  .  «. 

23. 63 

cr  cy 

JJ,  w  O 

6.64 

6.22 

4.’8 

o%;o 

Ud  yj 

54.6 

27.75 

51.45 

8.67 

7.51 

4.  62 

83-20 

34  •  6 

30.41 

48.22 

10.41 

6.03 

4.93 

S3- 1? 

34.2 

27.46 

50.15 

7.16 

6. 66 

6.57 

83-72 

23.3 

26.94 

51.67 

9.44 

7.50 

4.44 

•*• 

S3- 1 4 

52.9 

30.16 

48.64 

9.24 

7.07 

4.2? 

/ 

V 

Q>71 

cn  c 

OO  77 

48.49 

O  ■*n 

U  >  hi 

9.04 

5.48 

33-6? 

J 

Ji.  ■* 

32. 2S 

46.56 

10.32 

7.14 

3.70 

5  3-76 

n  i 
i 

26.09 

50.72 

10.72 

7.33 

1.64 

83-20 

52.0 

25.61 

50.91 

7.62 

9.15 

6.71 

A 

Q’-Tc; 
u-  .  J 

51.3 

32.67 

46.39 

10.00 

5.78 

4.67 

■s 

o--  <  7 
u-j  w 

50.4 

30.55 

45.66 

11.90 

6.75 

5. 14 

S3-31 

50.3 

31.74 

46.35 

11.34 

6.05 

4.03 

83-22 

43.3 

28.  "0 

46.30 

9.26 

8.95 

6.79 

i 

83-12 

43.3 

31.40 

44.06 

11.35 

8.18 

5.01 

■i 

33-30 

48.7 

34.09 

42.63 

12.12 

7.07 

4.04 

33-36 

43.7 

28.31 

47.46 

10.17 

8.23 

C  TT 
j.jy 

5 

83-2" 

43.3 

28.82 

46.18 

10.00 

9.71 

5.2? 

■  * 

!  83-3! 

47.3 

33.50 

41.75 

12.75 

7.75 

4.25 

83-' 

17.7 

30.25 

44.32 

9.30 

9.80 

C  ’1 

Ji  ji. 

n 

,  83-34 

47.3 

7T  Ac 

■j  \i «  □■J 

45.53 

11.22 

6.21 

3.34 

1 

1  83-78 

47.1 

77  7* 
j  •  f 

41.31 

13.10 

7.30 

4.03 

83-10 

46.2 

36.28 

31.95 

16.36 

10.13 

4.62 

83-1: 

45." 

21.15 

48.75 

4.18 

13.93 

11.70 

> 

.  83-23 

43.6 

25.57 

44.54 

9.20 

12.36 

8.33 

% 

j 

1  0  J  L.  * 

42.3 

24.77 

44.04 

9,17 

12.54 

9.43 

0--1  • 
u  J  1  1 

40.9 

38.14 

32.41 

15.83 

9.05 

4.27 

l, 

A  ot-o 

j.  uj 

54.3 

28.19 

5i.  28 

9  1  7 

7.12 

3.  ?? 

93_37 

C*.  1 

>JV«  4. 

29.03 

40  i.0 

9.09 

3.21 

4.  99 

83-7* 

43.0 

28.20 

45.06 

12,50 

f .  0 . 

c  AT 

y 

93-26 

47. 3 

32.24 

46.10 

9.07 

8.06 

4.53 

♦  ?er(c r*e:  ov  Southxest  Pesearcn  Institute 
*♦  Relative  to  the  total  nu*0er  of  protons 
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Table  3:  Determination  oF  Cetane  Indices 


Published  Cetane  Indices  That  Are  Based  an  Density  and  Distillation  Temperatures  * 
(Horldtride  Survey  I  Conaercial  Marine  Fuels) 


NFL  ID 


CETANE  N3. 

< ASTfl  0613) 


CCI 

ASTN  D976-6& 


CCI 

ASTI1  0976-80 


INGHAM'S 
DISTN.  TEMP./ 
DENSITY  ESN 


IMPROVEMENT  EQUATIONS 
OF  D976-30 

ETHYL  EGN  COLLINS  m 


56.1 

52.6 

55.0 

55.3 

cc  y 
JJ.  / 

49.5 

50.9 

51.1 

50.3 

50.6 

51.1 

55.1 

53.4 

uw  •  ii 

54.5 

51.0 

53.0 

ct  y 

Jj .  j 

jJ  i  >j 

cc  c 

51.9 

52.1 

54.7 

54.3 

55.: 

51.5 

52.9 

54.0 

53.3 

5^.5 

52.1 

56.3 

55.0 

54.9 

52.2 

49.7 

50.9 

51.3 

51.0 

53.3 

51. 1 

51.1 

C7  C 

J  J  (  w 

53.3 

51.5 

49.1 

50.5 

50.5 

50.2 

54.1 

51.7 

51.2 

54.4 

54.2 

48.3 

46.5 

46.7 

46.7 

46.4 

49.4 

47.6 

47.5 

48. 3 

48.0 

51.6 

49.4 

51.2 

50.9 

50.6 

50.2 

47.6 

48.9 

48.3 

48.0 

53.3 

50.2 

51.0 

52.1 

51.8 

50.0 

47.7 

48.7 

48.5 

48.2 

50.4 

43.4 

48.9 

49.5 

49.2 

53.0 

50.6 

51.1 

52.3 

52.5 

52.1 

48.5 

51. 6 

49.7 

19.4 

33.2 

TO  S 

v/U  •  J 

70  - 

«  J 

36.1 

36.1 

42.8 

a  ‘  -i 

Mi,  *. 

43.5 

40.3 

40.7 

45.0 

43.° 

43.6 

43.2 

4J.0 

43.4 

42. 1 

40 .  i 

40.8 

40. 7 

39.2 

39.0 

38.9 

36.7 

37.0 

ND 

ND 

ND 

ND 

ND 

M  r> 
il  J 

ND 

ND 

ND 

ND 

C  1 

Jit*. 

47.7 

ND 

48.5 

43.2 

ND 

ND 

ND 

ND 

ND 

ariulaticr.s  af  these  cetane  indices  are  given  m  Append i<  31.1.1 
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Table  3:  Deternnation  of  Cetane  Indi ce 


■  iw 


,*v* 

,v 


£ 


v 


v 

r- 


B:  Three  Trial  Cetane  Indices  That  Are  Baaed  on  Density  and  Distillation  Teaperatures 

Worldwide  Survey  I  Coaserciai  Marine  Fuelsl 


Trial  Cetane  Indices 


NRL  ID 

CETANE  NO. 
(ASTH  3613) 

CCI 

ASTK  D974-30 

Modified 

ASTM  D974-20 
AVS.  ((IBP!  ♦ 

LOTUS  1-2-3 

REGRESSION  ANALYSIS** 

T50.D  AVS.(HBP)*,  D 

Qj~  J! 

C  '  i 

%/u  •  u 

c  a  ■ 
j*t .  o 

55.9 

54.9 

54. 1 

Q-» 

W*rf  *0 

56.5 

CT  C 

JO.  J 

C7  > 

J  W  •  U 

53.7 

53.4 

33-15 

55.2 

52.9 

53.2 

53.1 

52.9 

83-63 

54.3 

51.7 

52.4 

53.3 

54.3 

83-30 

54.4 

52.4 

53.4 

CO  0 

•  > 

53.3 

33-17 

54.5 

49.5 

50.0 

50.2 

50.1 

93-72 

53.3 

51.1 

51.2 

54.4 

54.2 

33-14 

52.9 

51.0 

ri  q 

Wli  J 

51.7 

51.3 

33-71 

52.5 

51.9 

51.4 

52.5 

51.6 

83-6? 

52.1 

51.5 

51.3 

52.2 

51.5 

07-71 
u  j  { 0 

C'l  « 

J-.  1 

52.1 

51.3 

55.0 

53.9 

33-20 

52.0 

49.7 

50.1 

50.3 

50.2 

33-35 

51.3 

51.1 

c  *  n 

Jl  .  - 

51.4 

51.2 

33-17 

50.1 

♦9.1 

50.5 

49.9 

50.5 

33-71 

50.3 

51.7 

51.9 

52.1 

51.3 

33-22 

18.2 

44.5 

47.2 

47.5 

47.5 

33-12 

43.3 

47.4 

47.3 

4B.7 

42.2 

33-30 

13.7 

49.4 

51.2 

50.1 

51.2 

33-36 

13.7 

47.4 

48.3 

43. 4 

49.4 

33-27 

13.5 

50.2 

50.3 

51.1 

7 

JVll 

33-31 

47.3 

47.7 

49.2 

43.4 

49.5 

33-’ 

47.7 

4S.1 

43.8 

49.4 

49.3 

33-34 

47.3 

50.6 

50.7 

51.7 

51.3 

33-73 

17. 1 

48.5 

49.1 

49.8 

50.0 

i U 

44.3 

38.5 

40.1 

40.4 

40.6 

Q7_‘  ; 

Ci-V  4  U 

45.’ 

42.2 

43.4 

43.4 

*3.6 

33-23 

43.o 

43.3 

44.8 

45.3 

45.2 

33-21 

42.3 

42.1 

42.2 

43.2 

42.3 

33-11 

40. 3 

39.0 

40.2 

40.3 

41.1 

a:-3 

5i. : 

ND 

ND 

ND 

ND 

33-3’ 

50.2 

ND 

ND 

ND 

ND 

83-74 

43.: 

47.7 

ND 

49. 1 

ND 

83-2: 

l’.3 

ND 

ND 

ND 

ND 

♦  AVS. 

■  «pp 

:  =  4 VS. 

(T10+T50*7?0! ,  deg  3 

♦  ‘  ^eradiations  of  these  cetane  indices  are  given  in  Appends  Bl.1.2 


ND  Net  Deterimed 


Table  3:  Determination  of  Letane  Indices 

C:  Cetane  Indices  That  Are  Based  on  Various  Types  of  Established  Paraeeters  » 

Worldwide  Survey  I  Co«*ercial  Marine  Fuels) 


(L  ID 

CETANE  NO. 

(ASTN  2413) 

DIESEL 
INDEX 
(G,  AP! 

CSSB 

EQUATION 
<T , D , AP , V ISC ) 

INGHAM'S 
ANILINE  PT 

EQN  (API 

TRIAL 
ANILINE  ! 
EQN.  (AP 

93-S? 

56.  6 

59.2 

54.9 

55.8 

54.1 

93-3 

56.5 

57.7 

51.9 

52.9 

52.1 

C'-IC 

55.3 

60. 3 

52.6 

<T7  q 

<j  -j  ■  -j 

52.5 

83-s3 

51.6 

54.9 

51.5 

55.7 

54.1 

33-30 

54.6 

sq  - 

U  7  •  J 

54.0 

55.5 

54.0 

83-19 

54.5 

54.5 

50.7 

52.3 

51.6 

3  ~  n 

r-  0 
ja«u 

52.3 

53.6 

57.3 

55.5 

83-H 

52.9 

53.6 

50.7 

52.3 

51.6 

S’-'l 

53.5 

53.6 

48.5 

c.t\  C 

WVi  u 

50.2 

83-i9 

52.1 

win  •  i. 

50.3 

cn  7 

J  i.  •  t 

51.9 

83-'3 

52.1 

KIT  =1 

W  J*  J 

54.5 

57.2 

55.2 

33-30 

52.0 

K"  7 

j-j  ■  > 

49.7 

51. i 

50.7 

93-’ 5 

51.3 

C  ^  T 

■jj«  ; 

49.5 

50.6 

50.3 

q  -  _  1  7 

50.4 

J  o  • 

49.6 

J  l  •  i. 

50.7 

C^-T' 

u  .  V  h 

50.3 

57.0 

49.4 

50.3 

50.1 

48.3 

48.3 

47.2 

48.9 

48.9 

33-13 

43.3 

CT  7 

J  J.  J 

48.2 

49.6 

49.5 

33-30 

48.? 

53.3 

48.1 

49.0 

49.0 

33 -3a 

48.7 

49.1 

48.7 

50.7 

50.4 

83-37 

43.5 

52.4 

50.6 

M  ? 

J*-«  0 

51.8 

83-31 

47.  S 

49.7 

47.6 

49.5 

49.4 

33-’ 

47.7 

s-  5 

JO  •  j 

46.3 

47.0 

47.4 

33-31 

47.3 

w?.5 

48.9 

49.6 

49.5 

-  "  •'  3 

47.1 

50.4 

50.3 

53.3 

52.4 

e:-:o 

46.3 

39.0 

39.3 

41.2 

42,2 

3M; 

45.’ 

41.2 

41.8 

43.4 

44.2 

43.6 

43.4 

41.6 

43.9 

43.9 

S3-Z- 

42.3 

37.0 

40.0 

42.3 

43.2 

07.  * « 

-a  v  •  i 

40.9 

*3  - 

JU  •  u 

38.3 

40.8 

41.8 

33-9 

54.3 

NO 

ND 

ND 

ND 

0  7 „ 7  1 

50.2 

No 

ND 

ND 

ND 

53-74 

43.6 

43.0 

ND 

51.6 

Si  y 

jit/ 

22-:$ 

47.3 

ND 

ND 

ND 

ND 

.r:r3al  at; 

.  :n a  of  these  cetane 

indices  are  gi 

.er.  in  Asnendix  B1.2 

-  B2 

SnRI 
CETANE 
INDEX  ♦* 
(PROTON  NMR) 


I 


♦  »  Based  :n  integrations  pert’oried  at  S»RI 


ND  Nat  Determined 
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Table  4 

Evaluation  of  the  Reproducibility  of  the  SwR I  Cetane  Index 
(Worldwide  Survey  I  Ccaaercial  Marine  Fuels) 


CETANE  NC. 
(fiSTM  D613) 


SkRI  cetane  index 


DIFFERENCE 
SwRI  CET  INDEX 
NRL  -  SwRI 


a.-d 

06.0 

ji. , 

92-15 

55.2 

60.5 

BS-iS 

34,5 

53. 1 

33-10 

04.  a 

52. 7 

53-ia 

54.5 

56.5 

83-72 

53.3 

59.0 

33-14 

52.9 

53.3 

33-71 

52.5 

53.4 

93-49 

52.4 

51.9 

53-76 

52.1 

57.9 

33-20 

52.0 

56.0 

83-35 

51.3 

53.0 

33-17 

50.4 

50.4 

33-31 

50.3 

52.5 

O'  yn 
u-j 

43.3 

49.7 

33-12 

48.3 

49.2 

33-20 

43.7 

48.1 

83-33 

43.7 

52.6 

QJ  i  . 

48.5 

50.6 

■j  ”  u  i 

47.3 

47.0 

S3-7 

47.7 

49.9 

33-3J 

47.3 

50.2 

B3-'3 

47,1 

47.9 

83-10 

46.9 

33.4 

33-16 

45  7 

45.9 

33-23 

43.5 

49.6 

q’-’( 

U'-‘  W- 

42.3 

47.1 

83- ' 1 

40.9 

34.6 

S3-3 

54.3 

57.7 

J  j*  .  1 

50.2 

53.1 

8  j  -  /  5 

48.6 

51.0 

83-26 

47.3 

46. S 

Based  on 

integrations 

perforsed  at 

NRL  us 

a  *  cT iGE 

of  - -1 oi i cats 

integr ati or i  s , 

Based  on 

integrations 

oer*orsed  at 

SwRI,  1 

c  Standard  deviation  of  the  differences  is  ♦/-  0.5 

d  Mete:  Reproducibility  luits  allowed  by  ASTM  D613  is  2.5  to  3.3  for 
cetane  lurbers,  40  to  54  respectively. 


fm 
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Table  5. 

Regression  Analyses  of  Para»eter!s)  Vs  Cetane  Nuiber 
For  Refractive  Index  Density  And  Various  Functions  of  These  Paraeeter 


PARAMETERS 


REGRESSION  ANALYSIS  FOR  26  FUELS  ♦ 


Std  Error 
Constant  of  Y  Est 


Std  Error  X  Error 

1  Coeff(s)  of  Coeff  of  Cceff 


RI  '  Leg  0 


D  ,  RI  ,  R!/D 


C  L  L 

IF!  ,  (RI  /  D  RI. 0, 

FI  .’1 05  D,  'RI  /  cog  Di: 


71.3! 

44.3 

62 

0.213 

-51.1 

3. 3 

34.07 

•  n  ■* 

u.o 

36 

0.257 

35.4 

3.5 

-152.58 

83.2 

-55 

56.00 

72.7 

125 

0.247 

70. 4 

3.4 

0.63 

0.2 

34 

.1  •'7,1 

V  •  a.  /  v 

71  i 

•  k  •  '-I 

3.4 

0.9S 

A  7 

•y  •  v 

34 

0.413 

7200.3 

7  1 
%/  •  . 

-1972.20 

1750.0 

-35 

16H.04 

577.9 

35 

-4106.72 

1483. 3 

-Zb 

0.493 

29790.2 

■J  *  1 

783.34 

636.3 

81 

9346.14  30171. ) 

31049.53  110442.5 

62.?t  724.) 


♦  For  26  of  the  23  fuel  set  taten  fro*  Norldmde  survey  I  coMercial  diesel  <uels. 
2  2 

♦*  RI  Fn  -  In  -  1  /  n  ♦  2) 
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Tibia  6:  Nuaerical  Differences  Between  Cetane  Index  and  Cetane  Nuaber 

ft:  For  Published  Cetane  Indices  That  Are  Based  on  Density  and  Distillation  Teaperatures  * 

(Worldwide  Survey  I  Coaaercia!  Narine  Fuels) 


A 


•M 


Predictive  Range: 

Cetane  Index  - 

Cetane  Nusber 

IMPROVEMENT  EG! 

.'AT!  0)46 

CC! 

CCI 

INSHAN'S 

CF  D976-30 

PI 

NRL  ID 

CETANE  NO.  AS 

TN  093*6-66 

ftSTN  D976-30 

DISTN.  TENP. 

**  *, 

(ASTN  2613) 

CENSiT't  EQN 

ETHfC  EQM 

COCCI  NS  »* 

03-i7 

5c.  a 

2.4 

-2.0 

1  0 

P  - 
L.  v 

2.4 

33-3 

5  c.  5 

0.7 

-7  A 

•  V 

-1.1 

0.7 

0.6 

83-15 

qc  ■» 

0.6 

-2.3 

-0.3 

1.0 

0.9 

a 

83-53 

54.6 

2.4 

-2.9 

-0.4 

-C.2 

-0. J 

•  “ 

83-30 

54.6 

1.5 

-2.0 

0.4 

1.2 

l.l 

„  4 

SMr 

c  *  r 

Jt,  j 

P  C 

“t  •  J 

-5.0 

-3.6 

-3.4 

-  .3  7 

QT  _PP 

C**  P 

J  J*  u 

4.3 

-2.7 

1.3 

-0.4 

“0.6 

33-U 

52.9 

1. 6 

-1 13 

0.1 

0.T 

0.1 

93-'! 

C~  C 

U*.  «  W 

3.0 

“0. 6 

-0.4 

7  7 

2.0 

33-39 

52.4 

2.3 

-0.9 

0.3 

1.6 

1.4 

83-76 

52,1 

7  $ 

0.0 

4.2 

2.9 

7  <3 

*3 

£3-20 

CP  \ 

Ji. 

0.2 

-2.3 

-14 

-!*;  7 

-1.0 

83-33 

51.3 

7  =3 

i.*  j 

_fi  ? 

-0.2 

p  p 

L .  i 

i  •  V 

IT  <  T 

cj”i ; 

50.4 

1.1 

-1.3 

0.1 

0.1 

- 1  j ,  ^ 

i 

C7--J 

50.3 

4.1 

1.4 

0.9 

4.1 

0 . 

§7, -7  7 

48.3 

-0.5 

-7  7 

-2.1 

-2.1 

-2.1 

83-12 

46,3 

0.6 

-1.2 

-1.3 

-0.3 

-0.3 

*  ■■ 
a 

83-6C 

48.  7 

2.9 

0.7 

2.5 

P  7 

<  p 

* 

33-38 

48. 7 

1.5 

-1.1 

0.2 

-0.4 

“0. 7 

;?  7-*?7 

43.3 

5.3 

1.7 

2.5 

3. 5 

3. 3 

r 

«-  0 

P  P 

6.  i 

-0.1 

0.9 

0.7 

0.1 

1, 

Jj~ 

17. 7 

2.7 

0.’ 

1.2 

1.3 

»  «  J 

33-34 

4'. 3 

C  7 
•J  •  ' 

3.3 

3.8 

c  ^ 

<J  *  •+ 

C  x* 

J.  - 

83-73 

47.1 

5.0 

1.4 

4.5 

p 

i  .  0 

->  T 

k  •  -J 

£  3  “  ■  •'J 

46.3 

-3.6 

-8.3 

-8.3 

-10.7 

-10.1 

63-16 

43.7 

-2.9 

_  7  c; 

•J*  w 

-2.2 

-4.9 

“5.  v‘ 

83-23 

13.; 

1.4 

0.3 

0.0 

-0. 4 

“C.  b 

v 

CvM 

12.8 

C.  6 

-0.7 

-1.9 

-2.0 

-2.1 

»*  ■* 

.  * 

33-11 

40.  - 

>7  4 

li  . 

-1.9 

-2.C 

-4.2 

-3. 3 

33-c 

31.3 

ND 

N3 

N2 

ND 

N  J 

33*37 

C  *.  "J 

NO 

ND 

ND 

ND 

ND 

33-71 

45.  a 

2.  7 

-0.5 

ND 

-0. 1 

-0.4 

g--2- 

4  -  2 

ND 

ND 

ND 

ND 

ND 

»  Furaulat; 

ions  of  these  cetane 

indices  are 

given  in  Appendix 

81.1.1 

»*  Collins  ane  Unzelaan  Equation 
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Table  6:  Numerical  Differences  Between  Cetane  Index  and  Cetane  Nueber 


i 


•  * 

■ 

9 


A' 

«% 


.< 


I 


B:  Fcr  Three  Trial  Cetane  Indices  That  Are 

(Horldmde  Survey 


Based  on  Density  and  Distillation  Tesperatures 
I  CoiiRercial  Marine  Fuels’ 


NFL  ID 

CETANE  NC. 
IASTM  Del 3! 

Predictive 

Range:  Cetane 

Index  -  Cetane  Nu*ber 

CCI 

AST.*!  2976-90 

Tri 

Modified 
ASTN  2976-80 
AVIMBP!  ♦ 

al  Cetane  Indices 

LOTUS  1-2-3 

REGRESSION  ANALYSIS-** 
T50,D  AV3.  iM2F i * ,D 

C  J  ~  J  1 

56.6 

_  ->  .\ 

_2i  v 

.r.  7 

V/  •  ( 

-1.7 

-0.5 

33-3 

58.3 

-3.0 

-2.  9 

-0  3 

4.U 

-7  1 

n-»  •  e 

Su'iJ 

c?  n 

JJ. 

■n  7 
"i»  J 

-2.0 

-2. 1 

7 

"  L  ■  j 

C'.iO 

54.6 

-2.9 

M 

-! .  3 

-0.3 

33-30 

54.,; 

-2.0 

_  1  n 

-1.7 

"1.3 

93-1' 

c  .*  r 

JT. 

-5.0 

-4.5 

-4.3 

-4.4 

33- ^2 

53.3 

•  » 

_  p  £ 

—  •  1  J 

0. 6 

0.4 

93-14 

52. 3 

-1.9 

-1.4 

-1.2 

-1.1 

33-71 

52.5 

-0.6 

-0.9 

0.0 

-0.3 

S3-;3 

C  "■  * 

Ji..  7 

-0.9 

-1.1 

-0.2 

-0.9 

33- TA 

Cl  4 

0.0 

-0.3 

2.9 

1.8 

Q  7  _  ? 

Us/  «.v 

c  r  /\ 

J*-.  V 

-1.0 

-1.7 

0 

4*0 

33-3: 

51.3 

-0.2 

-0.1 

0.3 

-0.1 

83-17 

C  .1 

Jv  •  ■* 

-1.3 

0.1 

-0.5 

o.; 

Qj'ji 

C*\  7 
-V  •  J 

1.4 

1 . 6 

1.3 

1.5 

83-:: 

43.3 

-2.3 

-1.6 

-1.3 

-1.3 

93-;: 

48.3 

-1.’ 

-1.0 

-0.1 

-0.6 

97-3C 

43.’ 

0.7 

2.5 

1.4 

2.5 

93-36 

43.’ 

0.1 

-0.1 

0.7 

33-23’ 

i£.5 

1.7 

1.8 

2.6 

1  ** 

A  >  - 

83-31 

47.3 

-0.1 

1.4 

0.8 

1.7 

33-' 

47.' 

0.7 

1.1 

1.9 

1 . 6 

83-34 

47.3 

3. 3 

3.4 

4.4 

4.0 

33- 'S 

47.; 

1.4 

2.0 

?  7 

•L «  t 

?  2 

S3-:; 

44.3 

7 

-6.4 

"3.2 

33- ’.6 

45.’ 

-3.5 

_n  t 

— n  7 

-2.1 

33-23 

43.  ; 

0.3 

1.2 

1.7 

1.6 

P'*.? » 

43.3 

-0.7 

-0.6 

0.4 

-0.5 

0%  •  « 

an.  o 

-1.9 

-0. 1 

-0.1 

C.2 

j  vi 

54,3 

NS 

NO 

NS 

n: 

33-33 

sc.: 

NC 

►IP 

51  J 

ND 

ND 

93  -'4 

49.4 

-C.9 

NS 

0.5 

NS 

93-3; 

4'.  3 

ND 

NS 

ND 

ND 

*  4VG. 

■MSFl  =  rtV3. 

(T;>T3C**?0),  deg  3 

»»  For juI ations  of  these  cetane  indices  are  given  in  Appendix  91. 1.2 
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Table  £>:  Nuserical  Differences  Between  Cetane  Index  and  Cetane  Nu«ber 

a 

C:  For  Cetane  Indices  That  Are  Based  on  Various  Types  of  Established  Paraaeters 

(Horldmde  Survey  I  Ccsiercial  larine  Fuels) 


Table  7 


Evaluation  of  a  Trial  .Cetane  Index  Baaed  on  Refractive  Index  and  Density 
(Worldwide  Survey  I  of  Co**ercial  Marine  Fuel?) 


CETANE  VO.  DENSITY 
(flSTfl  D613) 


REFRACTIVE 

INDEX 

(8  25  deg  0 


Too  dart 


♦  Cl  =  7200.3  -  4*572.2  C  ♦  1641.04  IRI)  -  (4106.  72  »  RI/D) 
**  Cetane  Index  -  Cetane  Nuaber 


CETANE  INDEX 
2  2 

(D  ,RI  ,  RI/D)  » 


DIFFERENCE 
Cl  -  CN  «♦ 


^  i  j 

U  L  «  • 

I  •  u 

.4656 

52.0 

4  1 

.  4809 

49.6 

0.3 

.4721 

c''  y 

Sjl  •  J 

3.5 

.  4819 

4S.0 

-0.7 

.465= 

52.5 

3.3 

.  4797 

50.4 

1.9 

.  4782 

49.9 

'l  4 

1 

.1663 

52.2 

4.5 

.  4596 

49.2 

1.9 

.  4799 

46.5 

-0.6 

.4809 

41.5 

e  y 

J.  J 

.  49?' 

46.4 

r.  7 

v  «  / 

.4355 

49.4 

5.3 

.4311 

41.6 

0.7 

Cart 

NB 

ND 

Carl- 

ND 

ND 

Dart 

ND 

ND 
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Table  3:  Deter ainatian  of  the  Frequency  of  Predictability  of  Cetane  Indices 


ft:  Published  Cetane  Indices  That  Are  Based  cn  Density  and  Distillation  Teiperatures 
INorldaide  Survey  I  Comaercial  Marine  Fuels) 


Frequency  of  Predictability  For  Specific  Predictive  Ranges:  For  28  Fuels 


PREDICTIVE 


!CI  -  OH* 


CCI  CCI 

ASTM  D97i-.ic  AS  TIM  D97E-3C 


Predictions  Si  thin: 


0  -  1.0 


.1  -  2.0 


- r I .  i  -  2.0! 


L’nderpredictians  Sithin: 


-(2.1  -  3.0! 


-(3.1  -  4.01 


-14.1  -  5.0) 


-(>  5.0) 


Overjredictidns  Kithin: 


’.!  -  4.0 


4.1  -  5.0 


»  Cetane  Inde»  -  Cetane  Nuibe^ 


♦*  Collins  and  'Jnzeiian  Equation 


INGHAM'S 
DIETS.  TEMP. 

nrt'c  •  tv  cnij 

l/Ll'J  l  1  I  uC« 


IMPROVEMENT  E3UAT IONS 
QF  D974-80 

ETHYL  ESN  COLLINS** 


fm 
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Table  8:  Determination  of  the  Frequency  of  Predictability  of  Cetane  Indices 

A:  Published  Cetane  Indices  That  Are  Based  on  Density  and  Distillation  Temperatures 
(Morldmde  Survey  I  Commercial  Marine  Fuelsl 


Frequency  of  Predictability  For  Specific  Predictive  Ranges:  For  78  Fuels 


PREDICTIVE 
RANGE 
!CI  -  CM* 


CCI  CCI  INGHAM'S 

ASTN  D974-.se  ASTM  S97S-30  DIETS.  TEMP. 

DENSITY  ESN 


Predictions 


1.1  -  :.o 


-(3.1  -  4.0! 


-(4.1  -  5. 0) 


-(>  5.01 


Cvec:redi:t::n 


:.\  -  4.o 


*  Cetane  Ince<  -  Cetane  Nunben 


♦  *  Collin;  and  Cnee! man  Equation 


IMPROVEMENT  EQUATIONS 
OF  0976-90 

ETHYL  ESN  COLLINS** 
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Table  8:  Deteraination  of  the  Frequency  of  Predictability  of  Cetane  Indices 


8:  Includes  Three  Trial  Cetane  Indices  That  Are  Based  or,  Den  91  ty  and  Di st i  llation  Teaperatures 
(Worldwide  Survey  1  Cosaiercial  Marine  Fuels! 


Frequency  of  Predictability  For  Specific  Predictive  Ranges:  For  28  Fuels 


Trial  Cetane  Indices 


FREDICTIVt 

RANGE 

(ci  -  cm; * 


CC! 

ASTM  3976-50 


Modified  LOTUS  1-2-3 

ASTM  DR's-SC  REGRESSION  ANALYSIS 

AVIKBP'**  T50,  D  AVS(MBP;*t 


Table  B:  Deteraination  of  the  Frequency  of  Predictability  of  Cetane  Indices 


C:  Cetane  Indices  That  Are  Based  on  Various  Types  of  Paraceters 
(Worldwide  Survey  I  Coasercia!  Narine  Fuels) 


Frequency  of  Predictability  For  Specific  Predictive  Ranges:  For  28  Fuels  m 


isrprsdiciior.s  ausii 

>  «  .  ^  ;M 

;.l  -  4.0! 
i.:  -  3.0) 

>  3.0! 

•.-predictions  Within: 
1  -  3.0 
1  -  4.0 


CSSB 

INGHAM'S 

TRIAL 

S*RI  CETANE  INDEX 
(PROTON  NMR  ANALYSIS) 

TRIAL  RI/I 
CET.  INDE 

ECUATIQN 

ANILINE  ? T 

ANILINE  ?T. 

FOR 

(T.D.AP.VISC) 

EGN  CAP) 

ECN  TAP! 

SwRI  NRL 

26  FUELS 

Cetane  lose;  -  Cetane  Suacer 
Unless  otherwise  stated 

»  Trial  cetane  index  based  on  refractive  moex  and  density  (see  Table  7) 


fm 
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Table  9: 


Deteraination  of  the  '  Predictability  of  Cetane  Indices 


A:  Published 

Cetane  Indie 

es  That  Are  Based 
(Worldwide  Survey 

on  Density  and  Dist 
I  Coiaercial  Narine 

illation  Te.peratures 

Fuels) 

I  Predi 

ct ability  For  3p££ 

ific  Predictive  Ran 

qas:  For  28  Fuels 

PREDICTIVE 

RAV3E 

'Cl  -  cv  * 

rr  * 
uv  . 

SST.1  3974-44 

CCI 

AS7M  D97S-89 

INSHAM'S 
DISTN.  TEMP. 
DENSITY  ESN 

IMPROVEMENT  EQUATIONS 

OF  0974-80 

ETHYL  ESN  COLLINS** 

Predict: or, 5  Within: 

0  -  1.9 

17.? 

14.3 

23.4 

17.? 

14.3 

-  (0. 1  -  1.0) 

3.6 

17.  ? 

14.3 

21.4 

25.0 

1.1  -  2.0 

17.? 

10.7 

«  a  *? 
l  V . 

10.7 

21.4 

A  A 

Oc 

17  0 

7  L 

A  A 

•J  .  u 

Total:  */-  (0  -  2.0! 

39.3 

47.9 

71.4 

53.4 

40.7 

Ur.dersres icticns  Within: 

'  3.0) 

10.7 

21.4 

7.1 

3.6 

7.1 

-(3.1  -  4.0! 

0.0 

3.4 

C-.  'j 

3.^ 

7.1 

- : 4 . 1  -  5.0! 

0.0 

3.6 

0.0 

7.1 

3. 6 

-0  5.0) 

0 . 0 

0.0 

0.0 

0.0 

0.0 

Total :  -(2. 1  -  >5.0) 

19.7 

2b.  t 

10.’ 

14.3 

1 7 1 9 

n.  --;•••  1  r,n  “  sji  *1  *  n  • 

2.1  -  3 .  >j 

29.: 

0.0 

T  « 

/ .  i 

21.4 

10.7 

3.1  -  i.  5 

0 . 0 

3.4 

y  £ 

•j  *  c, 

3.6 

7.1 

i.i  -  5 . ) 

10.7 

A  A 

*/  .  V 

7  1 
/  1  a 

J*  t 

C.O 

c  ,• 

10.’ 

C.O 

0.0 

3. 6 

3.4 

Total :  12.1-  >5. 0) 

50.0 

3.  6 

17.9 

7?  1 

yji.  .  i 

21.4 

♦  Cetar?  Index  -  Cetane  Nu.ber 
t*  3ci!ins  and  Unzel.an  Equation 
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Table  ?:  Oetarai nat i on  of  the  X  Predictability  of  Cetane  Indices 


Includes  Three  Trial  Cetane  Indices  That  Are  3ased  an  Density  and  Distillation  Temperatures 
(Hcrldxide  Survey  I  Commercial  Marine  Fuels) 


redictability  For  Specific  Predictive  Ranges:  For  28  Fuels 


Trial  Cetane  Indice 


Modi  tie 
AST*  S97A 


LOTUS  1-2-3 
RESRESSICM  ANALYSIS 
3.  D  AVGI1 


theroredictians  mb 


2.1  -  3.0 

0.3 

3.6 

10.7 

10.7 

3 , ;  -  i.o 

j  .  -j 

3.6 

0.0 

3.o 

i.  :  -  5.o 

0.0 

0.0 

3.6 

0.0 

/  j .  ✓ 

0.0 

0.0 

0.0 

0.0 

local:  (2.1  -  >5.0) 

3.6 

7.1 

14.3 

14.3 

*  Cetane  Index  -  Cetane  Nuiber 
m  AVE.  M3P;  =  AVS.1T10,  T50,  T9C! ,  deg 
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Table  9:  Det  =r ai nation  at  the  1  Predictability  of  Cetane  Indices 

C:  Cetane  Indices  That  Are  Based  on  Various  Types  of  Parameters 
(Worldwide  Survey  i  Ccsmercial  Marine  Fuels) 


PREEIC 


RANGE 
C.  ■  CN! 


T  Predictability  For  Specific  Predictive  Ranges:  For  2B  Fuels  * 


DIESEL  CGS3 
INDEX  ECUATICN 

(S.  API  ( T , 2 , AF , V ! SC 1 


INGHAM'S 
ANILINE  PT 

E5N  -AP! 


TRIAL 

ANILINE  PT. 
ESN  (AP5 


SwRI  CETANE  INDEX 
(PRQT3N  NMR  ANALYSIS) 


TRIAL  Rl/B 
CETANE  INDEX  *♦ 
FCR 
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Table  10 


Measure  of  Predictability  of  Various  Cetane  Indice 
(Worldmde  Survey  I  Cowercial  Marine  Fuels) 


Paraneters 

Predictability  Far  a  29  Fuel  Set 

1  X  Over-  X  Under- 

Predicted  Predicted  Predicted 

ASTM  D  97a-30  (Modified' 

AVS. CT10,T50,T?0! ,  Density 

7B.6 

7.1 

14.3 

Inal 

AVS.  :T:?,TE0,T?0).  Density 

71.4 

14.3 

14.3 

Trial 

TS3,  Density 

71.4 

U.3 

14.3 

In-rai's  Distil ir,  Ter.cs  /  Oe-sity  Eon 

T 10,150,790,  Density 

71.4 

17, 3 

10.’ 

Inroao's  Aniline  Dci"  Eqn 

Aniline  Point 

71.4 

17. 3 

10.7 

AST-  3  ^76-30 

T5Q,  Density 

47.9 

O  «  t 

2S.4 

Trial 

Aniline  Point 

47.9 

11  T 
lli  V 

17.5 

S 

Collins  and  Un:e!*an  Eqn 

T50 ,  Density 

40.7 

21.4 

17.9 

Canarian  Ser.srai  Stanca'da  Scar -d 

k 

T10.T50.T90,  Density 

Aniline  Paint,  Viscosity 

57.1 

10.7 

32.1 

Etn.l  Equation 

T50,  Density 

53. 4 

32. 1 

14.3 

c 

ucuthaest  nesearcn  mat. 

Proton  type, Density,!  Hyorogen 

44.4 

42.9 

10.7 

Dieaei  Index 

API  Sravity,  Aniline  Point 

14.4 

42. 5 

10.7 

ASTM  3  9’4-66 

ToO,  A3!  Sravity 

39.3 

50.0 

10.7 

d 

Sout'aeet  Research  Ins:. 

Proton  type, Density,!  Hysragen 

39.3 

^7  a. 

yj  J*  J 

7.1 

e 

Tr  i  a  1 

Retractive  Index,  Density 

53.  S 

i?.: 

26.9 

Jm 
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Footnotes  for  Table  10 


where: 


a 

Unless  otherwise  stated;  28  Fuel  set  includes  17  flGOs,  7  HfiSGs,  and  4“DFs. 
b 

Uprovesent  Equation  of  0776-30  (see  Append’.;  81.1.1,  Mo. 3) 


Proton  N tip,  ansl/ses  including  integrations  perfor*ed  at  Southwest  Research  Institute  (Suftll 
Integrations  perromed  at  NFL  using  SrfRI's  Free  Induction  Decay  Data 


•or  25  of  the  29  Fuel  set  aentianed  in  a,  above 
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Table  11 


Regression  Analyses  of  Cetane  Nuaber  Vs  Cetane  Index  For  Various  Cetane  Indices 
(Worldwide  Survey  I  Coaeercial  Karine  Fuels) 


Paraaeters 


Distn.Teap.  /  Density  Eqr. 

T10,T50,T?0  ,  Density 

c 

:fid  UnieUan  Eon 

T50 ,  Density 

c 

,st  ion 

T50,  Density 

r5-S0  (Kcdifisd) 

AVS.  (110,750,790! ,  Density 

•i'SO 

TSO,  Density 

Eers'-al  Standards  Soar: 

T10, 130,190,  Density 
Aniline  Point,  Viscosity 

AVS, !T10,T30,T90),  Density 

o'£o 

T30,  API  Brevity 

750,  Density 

Aniline  Point 

R  Values  For 


S+A*  Fuels 


0 


V  \ 


Footnotes  for  Table  11 


♦A  refers  to  150  33-10.  The  cetane  no.,  of  this  {uel  was  such  higher  than  »ost  of  the  cetane 
indices  evaluated. 


ZS  ^31  sec  induces  IT  133s,  7  HH62s,  and  IfiCFs. 


i sir :  a  s'-a"*  - ;  j i* :  i* 


Intscracions  :er;-.r:,e:  at  NFL  using  SwRI’a  rree  Induction  Decay  Data. 


cor.  V1R  anal.ses  ncl.ci.-.c  interstices  oerfgrss:  at  Southwest  Research  Institute  ISxRIJ. 


For  Do  c:  see  D3  ;uel  set  'e-Vred  to  ir  'a'  above  . 


:t.  O  ;.!w  .  _ .CD  .lit  -  w  rUtC  t  at?-.  *  •  T 


above  ol .a  ft. 
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Tabl 2  12 


Cetane  Index  Vs  Cetane  Nuiber:  Regression  Analysis  and  Measure  of  Predictability 
(Horldmde  Survey  I  Cosuercial  Narine  Fueisl 


Paraoeters 


2  Measure  of  1  Predictability 

R  Values  For:  For  28  Fuels  » 

Over-  Orde 
28  Fuels  »  Predict  Predict  Fred 
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Predictability  of  Modi 


•fwnwiw 


><  L 


96  F  requency 


N 

[\ 


o 

~3 

K> 

Cb 

'n 

c 

to 


Predictability  of  ASTM  D  976-80 


Cetane  Number 

For  28 


Cetane  Number 


l\)040lQi-<Ci)tOO 


01 


OlOlOlOlOlOidOlQ) 

l\)U-uOlCHNCot)0 


APPENDIX  A 


List  of  Symbols 


(Symbols  listed  pertain  to  those  parameters  employed  in  the 
formulations  of  the  cetane  indices  given  in  Appendix  B) . 


AP  Aniline  Point  in  deg  C  or  deg  F,  as  specified  ( ASTM 

D611)  . 

Cl  Cetane  Index. 

CCI  Calculated  Cetane  Index  (ASTM  D976) . 

D  Density  at  15  deg  C,  g/mL  (ASTM  D1298) . 


G 

API  Gravity,  deg 

API  (ASTM  D287 

or 

D1298 )  . 

H 

Hydrogen  content, 

,  wt  %  (ASTM 

D3701)  . 

M 

50%  Distillation 

temperature 

* 

/ 

deg 

F,  (ASTM  D86) 

PCM 

Predicted  Cetane 

Number. 

T10 

10%  Distillation 

temperature 

* 

r 

deg 

C  (ASTM  D86 ) . 

T50 

50%  Distillation 

temperature 

' k 

deg 

C  (ASTM  D86) . 

T9  0 

90%  Distillation 

temperature 

★ 

/ 

deg 

C  (ASTM  D36) . 

Vise 

Viscosity:  at  40 

deg  C,  cSt, 

(ASTM  i 

D445) . 

%  Distillation  Temperature  refers  to  the  distillation 
temperature  of  %  recovered  distillate. 
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APPENDIX  B:  Cetane  Indices  Formulations 

B1  CETANE  INDICES  BASED  ON  PHYSICAL  PROPERTIES 

Bl.l  Indices  Which  Employ  Distillation  Temperature (s)  and 
Density 

Bl.1.1  Published  Cetane  Indices 
1.  Calculated  Cetane  Index  (CCI) 

a)  ASTH  D976-66  [2a] 

CCI  =  0.49083  +  1.06577  X  -  0.0010552  X2 
where : 

X  =  97.833  log  M2  +  2.2088  G  log  M 
4-  0.01247  G2  -  423.51  log  M 

-  4.7808  G  +  419.59 

G  =  API  gravity  in  deg  API. 

M  =  Distillation  temperature  in  deg  F  of  50% 
recovered  distillate. 

b)  ASTH  D976-80  [2b] 

CCI  =  454.74  -  1641.416  D  +  774.74  D2 

-  0.554  T50  +  97.803  (log  T50) 2 
where : 

D  =  Density  at  15  deg  C,  g/mL. 

T50  =  Distillation  temperature  in  deg  C  of  50% 
recovered  distillate. 
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Note:  Conversion  of  API  Gravity  to  Density  were  made  using 
the  relationship  given  in  ASTM  D287  [7],  which  is: 


G  =  (141.5/sp  gr  60/60  F)  -  131.5 

where  density  was  substituted  for  specific  gravity 

2.  Ingham  et  al.'s  Four  Variable  Equation:  Proposed 
Replacement  Equation  for  D976-80  [10] 

PCN  =  45.2  +  0 . 0892*T10N 

+  (0.131  +  0 . 901*B) *T50N 
+  (0.0523  -  0 . 420*B) *T90N 
+  4.90E-4*(T10N2  -  T90N2) 

+  107  *B  +  60 . 0*B2 

where : 

PCN  =  Predicted  Cetane  Number 
B  =  EXP (-3.50  *  DN)  -  1 
DN  =  (D  -  0.850) 

T10N  =  (T10N  -  215) 

T50N  =  (T50  -  260) 

T90N  =  (T90  -  310) 

T10,  T50 ,  T90  refer  to  the  distillation 
temperatures  in  deg  C  of  10,  50,  and  90%  recovered 
distillate,  respectively. 

Note:  The  suffix,  N,  of  the  physical  properties 
parameters  refer  to  normalization. 
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3.  Improvement  Equations  of  ASTM  D976-80 


a)  Collins  and  Unzelman  Equation  [3] 


PCN  =  21.843  -  0.33924  (CCI)  +  0.018669  (CCI)2 


b)  Ethyl  Equation  [11] 


PCN  =  5.28  +  0.371  (CCI)  +  0.0112  (CCI)2 


Bl.1.2  Trial  Cetane  Indices  Based  on  Regression  Analysis  of 
28  Fuels  Evaluated  in  This  Study 


1.  Index  Based  on  Mid-boiling  Point  and  Density 


Cl  =  243.7838  +  0.1640  T50  -  281.401  D 


2 .  Index  Based  on  Average  Mid-boiling  Point  and 
Density 

Cl  =  254.0107  +  0.1724  T50AV  -  296.882  D 
where:  T50AV  =  Average  (T10+T50+T90) ,  deg  C 
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B1.2  Index  Which  Employs  Distillation  Temperatures, 

Density,  Aniline  Point,  and  Viscosity 

Canadian  General  Standards  Board  Cetane  Index  (CGSB)  [ 12 ] 

Cl  =  77.7628  +  0.1765  AP  +  0.003867  AP2 

-  11.6150  Kc  +  0.5844  Kc2  -  0.6350  Vise 

where: 

Cl  =  Cetane  Index 
AP  =  Aniline  Point,  deg  C 
Kc  =  TIP  ±  T50  +  T90  4-  820 
200  *  D2 

Vise  =  Viscosity  at  40  deg  C  in  cSt 

B1 . 3  Indices  Which  Employ  Aniline  Point  Only 

Bl.3.1  Published  Cetane  Index 

Ingham  et  al ' s  Aniline  Point  Equation  [10] 

PCN  =  -  0.611  +  45 . 5* EXP ( 0 . 0150*APN) 

where:  APN  =  (AP  -  60) ;  the  suffix,  N,  refers  to 
normalization;  and  aniline  point  is  in  deg  C 

Bl.3.2  Trial  Cetane  Index  Based  on  Regression  Analysis  of 
28  Fuels  Evaluated  in  This  Study 

Cl  =  9.48854  +  0.601223  AP 
where  AP  is  in  deg  C 
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B1.4  Index  Which  Employs  Aniline  Point  and  API  Gravity 


Diesel  Index  =  G  *  AP 

100 

where  AP  is  in  deg  F 


B1.5  Trial  Cetane  Index  Which  Employs  Refractive  Index 
and  Density 

Cl  =  7200.8  -  4972.20  D2 

+1641.04  (RI)2  -  (4106.72  *  RI/D) 
where:  RI  is  the  refractive  index  measured  at  25.1 

deg  C. 

B2  CETANE  INDEX  BASED  ON  PROTON  NMR  COMPOSITIONAL 
ANALYSIS 

Southwest  Research  Institute  Cetane  Index  £SwRIj  [ 9 ] 

PCN  =  9.49  -  0 . 0298 (D  *  H  *  HCH3) 

+  0 . 0896 (D  *  H  *  HCH2) 

+  0. 000097 (D  *  H  *  S2)  -  0.038(D  *  H  *  HALPHA) 


1 

where : 

H.  * 

H 

HCH3 

.V 

HCH2 

S 

V 

HALPHA 

wt%  Hydrogen  content 

%  Methyl  proton  of  total  number  of  protons 
%  Methylene  protons  of  total  number  of 
protons 

Sum  of  %  (methyl,  methylene,  and  methine) 
protons 

%  Alpha  protons  (protons  immediately 
adjacent  to  an  aromatic  ring) . 


PI 
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APPENDIX  C 


Proton  Chemical 

Shift  Assignment  * 

Proton  Type 

Chemical  Sh 

(ppm,  del 

Alkane  Methyl 

0.5  -  1.05 

Gamma  Methyl 

0.5  -  1.05 

Alkane  Methylene 

1.05  -  1.4 

Beta  Methyl 

1.05  -  1.4 

Gamma  Methylene 

1.05  -  1.4 

Alkane  Methine 

1.4  -  2.0 

Cycloalkane  Methylene 

1.4  -  2.0 

Beta  Methylene 

1.4  -  2.0 

Alpha  Methyl 

2.0  -  4.4 

Alpha  Methylene 

2.0  -  4.4 

Alpha  Methine 

2.0  -  4.4 

Aromatics 

6.2  -  9.2 

*  1  "! 


alley  et  al  [9] 
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APPENDIX  D2 

Coaccsitier.al  Analysis  cf  Jlsrldwide  Survey  I  Coaaerctal  Narine  Fuels 
Differences  3et*een  Measured  and  Calculated  Values  For  Saturates  and  Nonocydic  Aroaatics  ♦ 
SATURATES  NONOCYCLIC  AROMATICS 


n 


KEfiS.  TOTAL  CARSON  DIFFERENCE  *»  NEAR.  TOTAL  CARBON  DIFFERENCE  ♦  *» 

FRACTION  :  CALC.  XT  X  (NEAS. -  CALC)  FRACTION  X  CALC.  XT  I  (NEAS. -  CAuC) 


0. ; 


63.  1° 


-0  '0 


0.105 


18.5 


18.10 


0. 1C 


APPENDIX  D2  (Cant'd) 


Cospost 

tianal  Analyst 

s  a*  Nor  Id* id?  Survey  I 

DirTerences  Between  Reasured 

and  Calculated  Values  F 

0 

ICYCLIC  ARCRATICS 

REPS. TOTAL 

CARECN 

DIFFERENCE  *♦ 

NR.  ID 

FRACTION 

I  CA 

nt.: 

(REAS.-  CALC! 

■j  j  -  “  ; 

o.oc: 

8.3 

8.32 

0.38 

0.  .85 

5. 3 

8. 34 

0.84 

33- i: 

0.1^7 

♦  7  j 

12.10 

0,60 

33-33 

0.  ;;c 

«  •  c 

11.39 

0.41 

e:-:o 

0. 57c 

■7 

✓  .  0 

7.30 

0.3C 

ED-:’ 

0.185 

1  2 

t  ?  r>c 

l  £.  .  ._  J 

0.55 

3  J  -  ■'■  4» 

a  *en 

V.  JwJ 

5.  £ 

c  c* 

0.81 

c'- :  i 

0. 155 

8.3 

3.47 

0.33 

53  - 7 1 

:.  )?i 

9.1 

i .  )3 

0.37 

3--.0 
j  j  j  i 

0.381 

3.1 

7.71 

0.36 

3-  _  -  _ 

V  -  '  J 

f\  ■:Q‘- 

•✓tv.  » 

9.  1 

8.74 

0.34 

53-17 

.  V  :  / 

7. 7 

7.37 

0,33 

”,  **  -r  < 
j  j"  v  1 

'  Ain 

•;  *  v  •?  t 

t  .  ’ 

i  •  n 

7.  20 

,7n 

0  ■»  _  *  n 

0.143 

1 C  •  -j 

fC-  40 

1  w  .  U 

0.61 

»  -» 
j*j  t » 

0.133 

*  7  7 

i?  <=;- 

0.’7 

Q7-2r, 

0.074 

7.1 

7,07 

0.33 

?’*_’** 
j  •-  —  >  j 

0.141 

16. 1 

IS.  5S 

0.58 

C*  -.*■  ** 

0.052 

C 

7.90 

0.30 

2-_2  1 

0.095 

a  a 

7  •  b 

9.33 

0, 12 

3  ’  _  7 

0.091 

«.l 

8.73 

0.38 

33-34 

V  .  'J  4 1 

4  • 

t  .  w 

4.77 

0.33 

c  -  _  -  c 

0.03° 

8.5 

9.45 

0.41 

53-10 

0.071 

7.1 

4.34 

0.24 

G 

J  . 

o.  n: 

ll.l 

13.34 

0. 26 

83-34 

0. 314 

?  1  * 

A  A  ?( 

0.  j6 

2  : 

0.117 

M  ' 

1 1  _ 

0,33 

:-_3; 

0. 122 

13.3 

11.80 

0.40 

Dicyclic 

Aroeatics 

and  Fluorenes 

t 

FLUGRENES 

REAS.  TOTAL  CARBCN 

DIFFERENCE  **» 

FRACTION 

1 

CALC.  NT.7 

(REAS.-  CALC) 

0.025 

2.9 

2.77 

0. 13 

0.037 

J  •  ! 

3.54 

0.16 

0.01 ! 

1.1 

l.i-i 

0.06 

0.042 

4.2 

1 . 00 

0.20 

0.015 

1.5 

1.42 

0.08 

0.014 

1.6 

1.52 

0.08 

0.021 

7  j 

2.00 

0.10 

0.028 

2.8 

2.64 

0.14 

0.030 

3.0 

2.56 

0.  14 

0.021 

2. 1 

2.00 

0.10 

0.026 

9,4 

2.46 

0.14 

0.014 

1.4 

1.32 

0.03 

0.013 

1.3 

.  d7 

0.07 

0.029 

2. 9 

2.76 

0.14 

0.013 

t  7 

1  1  V 

1.22 

0.08 

0.003 

0.3 

0. 76 

0.04 

0.027 

A  ■» 

i.  .  i 

»  e- 

u.  u . 

0. 13 

0.02* 

2.9 

2.76 

0.14 

0.017 

1.7 

1.62 

0.08 

0.010 

1.0 

0.92 

0.05 

0.020 

2.0 

1.97 

0.03 

0.023 

n  -» 

L.  ■ j 

2.17 

0.13 

0.003 

0.S 

0.77 

0.03 

0.014 

1.6 

1.53 

0.0' 

0.053 

5.3 

cr  .^n 

0.21 

0.034 

3.6 

3.44 

O.H 

0  •  V  3  j 

7  7 

3.17 

0.13 

0.021 

2.4 

")  70 

*.  «  t.VJ 

0.12 

0.035 

3.5 

3.37 

0. 13 

♦  •.ai.ni  .-al -35  are  tr.s  ir.ai -ti ;al  data  attained  3v  Dorn  st  al,  Virginia  Polytechnic  Institute,  Slaci-abarg ,  V’A. 
■-‘--i  *  • » ’■*  *  -  .  r  jSa.^r  i.n.<  47.-  ;  j  ec  .  r*_‘  se .  *"  •  a  *  er ice  ccxscsiticridi  analysis.  >  h  e  calculated  values 

are  the  :ar..5's;;n  z'-  ‘he  neasur  s-J  -alu-s  to  wt.  *. 


*<  : ta'dak  at  the  dirkreste  rcr  3 : ; / c I : c  arceatics  '.5  0.14. 

«♦*  Strdir:  delation  ol  -.he  di ‘fere.-ce  for  fluarenes  is  0.05. 
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APPENDIX  32  (Cont'd) 

Ccapcsitional  Analysis  of  Worldwide  Survey  I  Ccieercial  Narine  Fuels 
Differences  Between  Measured  and  Calculated  Values  For  Phenanthrenes  * 


PHENANTHSENES 


NHL  ID 

HEAD.  total 
FRACTION  ‘ 

CARSON 

X 

CALC. 

MT. 

f 

ta 

DIFFERENCE  »♦ 
(HESS.-  CALC) 

S3  "6  7 

a. 

016 

1. 

.  6 

l, 

52 

o.oe 

E3-3 

0, 

1  0  V  V 

0 

■* 

0 

2? 

0.01 

33"!  5 

0. 

.003 

0, 

•  j 

0. 

0.01 

u  J  Du 

0. 

,016 

1, 

.3 

1 

71 

0.09 

'j-j  j'J 

A 

006 

0. 

.6 

0, 

j6 

0. 1/4 

33-1? 

0. 

014 

1. 

.4 

1, 

7? 

o.oe 

0. 

000 

0. 

,0 

0, 

oc 

0.00 

83-U 

o. 

A  A  ■" 

0, 

i  -J 

o. 

29 

0.01 

S3-7 1 

0. 

013 

1. 

c 

.  J 

1 

1 T 

0.07 

83-6? 

0. 

013 

1 

l . 

,5 

1, 

4  T 

•to 

0.07 

33-76 

0. 

001 

0. 

1 

0. 

00 

0.10 

33-17 

A 

v  • 

001 

0, 

,4 

0, 

TO 

•Ju 

0.02 

33-31 

A 

V  t 

002 

0. 

0. 

1? 

0.01 

07_"n 

0. 

006 

0, 

,6 

0, 

57 

0.03 

37_1 

0. 

012 

1 

L  < 

1. 

12 

0.08 

07.pl'. 

Uvy  uv 

c. 

0  0 

0. 

,0 

0. 

00 

0.00 

07.': 

A 

CO  6 

0. 

,0 

0. 

58 

0.02 

u-j  “  1  i 

o. 

010 

1. 

,0 

0, 

95 

0.05 

83-3i 

0. 

017 

1. 

7 

1. 

61 

0.0? 

83-7 

c. 

oco 

0. 

,  0 

0. 

00 

0.00 

83-34 

0. 

001 

0. 

1 

0. 

10 

0.00 

S3-7S 

o. 

013 

1. 

>  V 

1, 

TT 

*- v/ 

0.07 

p"_ :  a 

ia  j  . 

c. 

000 

0. 

0 

0. 

00 

0.00 

83-23 

0. 

016 

1. 

.6 

1. 

52 

0.03 

0. 

023 

n 

c 

w 

n 

40 

0.10 

■j  j 

o. 

003 

0. 

2 

0. 

29 

0.01 

j  j  "j  i 

0. 

7  1  7 
i  J 

1. 

j 

1 

24 

0.06 

n  -  -»  a 

C  j  "  '  t 

0. 

000 

0  * 

•N 

1  V 

0, 

00 

0.00 

33-26 

0. 

«  -» 

'J  l  • 

1 

T 

t 

1. 

o! 

0.09 

♦  Neas^red 

value 

5  ar 

=  tha 

anal  ■ 

!  1 1  c  a  1 

dat 

.  . 

sb  t  a 

me 

d  hy  Dorn  st  al, 

Inst i tut 

e,  Ela 

- 1,  -  n 

if.Ji 

ur:,  VS.,  u 3 1 r. g  1 

:qu 

,  4 

Chr 

03ia 

tagrasny/prctcn 

aversge 

Z  C  3  Z  C  5 

t  .  X 

:nai  hr 

a i  /s’. 

S.  Th 

P  * 

el: 

:  .1  i 

ted 

values  are  the 

•easored 

v  a  1  a  5 

s  to 

at  : 

■'see 

Apeenc 

- 

9! 

;or 

CGI 

'version  aethcd) 

Star  Jar 

-  devi 

at;: 

in  :f  tie  di 

*  t  yr?r. 

C8 

fc?" 

-  nK 

K,: 

ena 

nthrer.es  is  0.04 

Virginia  Polytechnic 
NNR  spectrosetry 
conversion  ct  the 
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NR-  ID  * 


APPENDIX  E 

Detemnation  of  the  Reproducibility  of  the  SnRI  Cetane  Index 
Based  on  Integrations  Pert  or aed  at  NRL  and  at  SwRI  Using  SmR I  FIDs 


Ct'ANE  NO, 
(ASTN  D413! 


I  Proton  Type 

CH3  CH2  CH  ALPHA  AROMATICS 


<CH+CH>CH3 

a: 


CETANE  DIFFERENCE 

INDEX  NRL  -  Skk! 

(S*RI !  (SnRI  Cl) 


63*6 ?;N 

JC  .  t 

23.46 

53.  OS 

7,?5 

4.41 

1. 10 

300c. 44 

40.3 

33-5NRL 

56 . 5 

29.13 

50. 18 

8,c5 

7.40 

4.33 

7739,33 

54.3 

0.9 

83-35W 

c  ■  c 
g&  •  j 

j ')  •  «  * 

50.00 

8.10 

7.54 

4.19 

7791.5? 

53.4 

S3- 15, NRL 

cr  ** 
jJiL 

4  TT 

l6*  t/ 

54.51 

4.51 

j.  63 

4.34 

8008.44 

40.5 

1.4 

93-I53X 

«?“  "• 

28.53 

57  ^3 

4.44 

4.22 

4.93 

7865.il 

5°.l 

C  "  _ «.  2*'r ; 

U  -J  '-Id  '» ”•  _ 

SP.5 

26.24 

51 . 93 

9.52 

7.70 

4.54 

7493.31 

53. 1 

0.9 

;■?„ zr  ^ 

5i.  s 

n  7  7c 

4  1  •  J 

51.45 

9.47 

7.51 

1.42 

7721 . 14 

c  -  I 
d  7  «  to 

jj~ N “ L 

54,  o 

31.23 

43.77 

9.91 

5.23 

*.81 

8053.31 

52.7 

0.7 

54. 3 

30.41 

48.22 

10.41 

6.03 

4.93 

7923.12 

52.0 

83-1 -SSL 

54.3 

26.33 

51.29 

7.53 

8.15 

4.19 

7335.92 

54.5 

1.7 

23  -IPS'* 

54,5 

27. 46 

50.15 

7.14 

8.44 

L  C-? 

'J  «  d  / 

7135.95 

ci  - 

•J*?  *  j 

23-’2:iRL 

53,3 

26, ?3 

52.00 

9.74 

7.32 

4.20 

7S3',:.  13 

59.0 

0.5 

S3-T2SX 

53.3 

26.94 

51.47 

9.44 

7.50 

4.4< 

7752.30 

5E.5 

33-1 ’NFL 

52. 0 

29, '3 

43.94 

9.42 

4.93 

4,99 

7759.35 

5^.  3 

0.5 

E3-::;.X 

C-  “ 

Jl  . 

30.!  4 

48.54 

9.21 

7.0? 

4.39 

7751.04 

C!T  7 

dd  «  J 

53- 'IMP1. 

c^.  r 

J  -  •  j 

26.33 

4g.  ?g 

3.41 

3. ’I 

C  7C 

7319. SO 

c  - 

Jd.  3 

0.5 

33-'IS« 

cn  - 

48.4? 

e.:2 

9.04 

5.49 

7304.83 

C7  1 

Jv.  4 

S  3  -  2  ^  N  F  L 

52.4 

3  1  •  &  j 

44. 90 

10.  50 

4.47 

4.10 

79?9. SI 

51. 0 

0.3 

23-;?:,* 

c"*  < 

-4.  * 

32. 28 

46,36 

10.32 

7.14 

3.70 

7949.51 

51.1 

53-’:N:. 

52.; 

25.19 

50. 43 

10.38 

8.24 

4.71 

7579.44 

57. 5 

-t),  ; 

83  -  7  fj£ « 

52.! 

24.09 

C  ('•  7-i 
<J  •  4  to 

10.72 

7.83 

4.51 

7441.50 

vC  ^ 

♦  No:e:  The 

suffix.  NRL, 

identi;ies  the 

integrst 

ion  data 

obtained 

at  NRL. 

Thi 

s  data  is  bas 

ed  on  the  average  of  tri 

plicate 

integrati 

Cm3. 

suffix,  5 X. 

identities  the  : 

integrati 

on  d  <3t  a 

obtained 

at  SnRI. 

*»  Feiatine 

lo  the  total 

r.uater  of  protons. 
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APPENDIX  E  (Cant'd) 

Determination  of  the  Reproducibility  of  the  S*Ri  Cetane  Index 
Baaed  on  Integrations  Perforaed  at  URL  and  at  3*RI  Using  SvRi  PIDs 


I  Proton  Type  »i 


7ANE  NG. 

i'll  DM3) 

CH3 

CH2 

CH 

ALPHA 

APQKATICS 

2 

(CH+CH2+CH3) 

(7.) 

CETANE 
INDE" 
(SmRI  ) 

DIFFERENT 
NRL  -  SwR 
(SmRI  CD 

52.  ■) 

25. 37 

51.07 

8.  :0 

8.64 

6.93 

7130.11 

56.0 

0.5 

52.0 

25.61 

30.91 

7  L 

?.  15 

6.71 

7079.51 

Jwi  nJ 

s  1  " 

31.77 

17.37 

10.21 

5.3i 

4.49 

8022.73 

53.0 

0.’ 

51.1 

32.67 

46.39 

10.00 

5.73 

4.67 

8020. 99 

52.3 

50.x 

29.33 

45.2? 

4  n  aa 
;  i ,  Vv 

7.63 

4.30 

7663.50 

50.4 

-0.2 

50.1 

*•  C  C 

aV.  yw 

45.66 

11.90 

6. 75 

5.14 

7763.37 

CA  1 

jU.O 

so.: 

31.26 

46.50 

t  l  ^  07 

6.22 

4.20 

8021.53 

52.5 

-0.4 

50.3 

31.74 

46.35 

11.34 

6.05 

4.03 

8087.40 

c?  C 

J  a. .  . 

is.  3 

46.43 

10.30 

9.04 

0.73 

7093.01 

49.7 

0.3 

48.3 

28.70 

46.30 

9.26 

8.95 

6.79 

709°. 75 

49.2 

43.3 

30.99 

44.58 

ll.=>4 

7.2P 

5.20 

7653.00 

49.2 

1.2 

42.3 

7 1  JA 

Vi  1  .  V 

44.06 

11.35 

3.18 

5.01 

7535.98 

43.0 

48,’ 

31.64 

43.34 

11.75 

6.13 

4.09 

8051.47 

48.1 

1.0 

48.7 

34.09 

42.63 

12.12 

7.07 

4.04 

7901.43 

47.1 

13.7 

28.13 

47.63 

10.95 

3.05 

5.23 

7518.32 

52.6 

0.3 

43.7 

no  ji 

L'j  %  ui 

17.48 

10.17 

3.23 

5.33 

7471.87 

52.1 

48. 5 

27. 31 

46.11 

11.12 

?.  10 

5.56 

72Q?t  <77 

50.6 

0.9 

13.5 

23.82 

46.18 

10.00 

9.71 

<2  70 

7225.00 

49.7 

47.8 

33.60 

42.42 

12.61 

7.11 

4.23 

7855.28 

47.0 

i.  1 

47.3 

33.30 

41.75 

12.75 

7. 75 

4.25 

7744. 00 

45.9 

r.  7 

30.  33 

45.93 

9. 23 

C  iO 

U  .  U  «. 

*2  7^ 

%J  •  w  J 

7420.10 

4?.  ? 

i.e 

47.7 

7  "•  c 

vf  V  .  w 

44.82 

9.30 

C  -3.’, 

7  ■  w  V 

7202.92 

48. 1 

t*.  NSL, 

identifies  th 

?  Integra: 

:ion  data 

obtained  at  NPL. 

j  IS  3  d  3 

e:  on  the  aver 

sge  of  tr; 

.oil  cate 

integrations. 

J  'i  £  4 

'.dent: ties  the 

1 ntegr  at : 

on  data 

obtameo 

at  SmRI . 

he  total 

ruit?r  of  pro 

ton;. 

m 
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APPENDIX  E  ICont'd) 

Deteraination  of  the  Reproducibility  of  the  SnRI  Cetane  Index 
Based  on  Integrations  Perforaed  at  NRL  and  at  SkRI  Using  SkRI  FIDs 


I  Proton  Type  ** 


- 

2 

CETANE 

DIFFERENCE 

NRL  ID  » 

CETANE  NO. 

CH3 

CH2 

CH 

ALPHA 

AROMATICS 

(CH+CH2rCH3) 

INDEX 

NRL  -  SkRI 

(fiSTM  DM3) 

(X! 

(ShRI) 

(ShRI  Cl) 

83-34NRL 

« "T  7 
*t  .*  .  w> 

•34 .  uj 

45.47 

10.69 

5.47 

2.84 

8224.63 

50.2 

0.0 

i  7  r 
t  i  .  w* 

77  iC 

45.53 

11.22 

6.2! 

3.34 

8131.20 

50.2 

63-73.NRL 

47.1 

32. 61 

a  o  cn 
ji 

14.09 

-j  nn 

3.57 

7960.  21 

17.9 

1.2 

S3-76SH 

47.1 

33.75 

41.81 

13.10 

7.30 

4.03 

7860.60 

46.7 

B3-1CNRL 

46.3 

36.52 

TO  CC 
•jkiuj 

16.5? 

9.74 

4.60 

7337.64 

33. 4 

0.9 

E3-10S* 

45. S 

36.58 

21.95 

16.16 

10.13 

4.68 

7257.34 

32  5 

83-16S4 

« c  7 
"*  J .  . 

21.45 

48.75 

4.13 

13.93 

11.70 

5532.38 

43.9 

-1.0 

83-16NRL 

45.7 

*Jt  7L 

11  <  4.U 

49.41 

4.33 

13.29 

11.71 

<u?«;  a  a 

juL'j  .  w  v 

49.9 

3:-::nrl 

43. b 

?«: 

.u.  1  X 

45.35 

9.30 

11.95 

7.97 

6412.31 

49.3 

1.2 

s:-23sy 

43.  6 

r  7 

44.54 

9.20 

12.36 

O  77 
<j  •  j 

6290.08 

43.4 

2  “r_? 

43.3 

23.25 

43.71 

9.75 

13.10 

O  Oc. 

7  i  u  j 

5935.16 

47.1 

-0.3 

S3-24S-: 

43.3 

7  *  77 
i  7  .  /  f 

44.04 

9.17 

12.54 

9.43 

6080.83 

17.4 

53-1  INF'. 

40. 3 

36.53 

32.75 

17.17 

9.24 

4.31 

7473.60 

34.6 

0.9 

83-'.  IE  if 

40.  ? 

33. 41 

32.41 

15.33 

9.05 

4.27 

7513.42 

7T  1 
•j  j  *  t 

j  J~  9i<9l 

c  M  Z 
u  7 .  j 

23. '.2 

51.25 

9.27 

6.98 

4.3? 

7857.05 

57.7 

0.1 

83-rSW 

54.3 

25. 49 

51.28 

9. 12 

7  !? 

1  t  14. 

3.99 

7901.43 

57.6 

B3-;7N:L 

C  A  " 

7? 

49.33 

8.74 

S.02 

4.93 

75/7.70 

53.1 

0.8 

83-3  7'5  * 

C/, 

29.03 

43.68 

9.0° 

8.21 

4,°9 

7534.  24 

52.3 

B3-74N.:'_ 

*  J  _ 

27.70 

45.73 

12.93 

3.34 

5.25 

74:6.6? 

51.0 

i  #  t 

93-74SS* 

45.o 

25.20 

45.06 

12.50 

9.01 

<2 

7334.7“ 

49.7 

S3-Z6N?L 

i\5 

30.60 

*  ;  3  7 

9. 73 

B.  29 

4.50 

7607.33 

4a.3 

i.i 

S3  -Izz* 

<  -  - 

32.24 

46.10 

9.07 

8.06 

4.53 

7640.5! 

45.7 

*  '»cte:  Tr  - 

N=L,  : 

t:f:es  th 

^  mteg'-at 

ion  data 

obtained  at  NFL. 

T7 ;  j 

idtd  la  J  a  S  0  _  Or 

the  a-er 

eg?  of  Tr. 

plicate 

integrations. 

*  p  o 

Join;,  EH,  ide“t 

i •  i es  the 

mtegrat: 

on  data 

obtained 

at  SuF; ! . 

»♦  Pel  an  .e 

*c  the  total  nuab 

er  cf  prc 

ton  9. 

78 


GEO-CENTERS, ,  INC. 


